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As scaling down of transistor gate length progresses to sub-wavelength region, Mask 
Error Enhancement Factor (MEEF), which is a measure of non-linear relation between mask 
Critical Dimension (CD) and printed CD on a wafer plays an important role in Optical 
Proximity Correction (OPC).  MEEF is mainly attributed to the degradation of aerial image 
integrity at low k1 values photolithography.   
A general equation is derived to compare the MEEF values between two conditions 
using aerial images.  The equation shows that the change in intensity with respect to the 
displacement is inversely proportional to the MEEF.  From this equation, comparison studies 
are performed for the effect of 6% attenuated PSM on MEEF, effect of off axis illumination 
on MEEF and effect of assist feature on MEEF.  Experimental work is performed to verify 
the simulated results.   
Attenuated Phase Shifting Mask (PSM) decreases MEEF for both conventional and 
annular illuminations.  This is because phase shifting increases the image quality.  Increasing 
the transmittance of the attenuated PSM from 6% to 18% does not decrease MEEF.  
However, at a high transmittance of 18%, MEEF approaches the desired unity value.   
For isolated line feature, imaging with high Numerical Aperture (NA) and high 
Partial Coherency (PC) decreases MEEF, which is the desired outcome.  Off axis 
illumination (OAI) such as annular illumination will only lower MEEF slightly when 
compared to conventional illumination.  However, simulated and experimental results show 
little discrepancy between the two types of illumination. 
 vii 
For dense line feature, the effect of NA and σ on MEEF is highly dependent on the 
targetted CD as well as the duty ratio.  However, there is a general trend of decreasing MEEF 
with increasing duty ratio.  When compared to conventional illumination annular 
illumination with the additional of Assist Features (AF) decreases MEEF.  The dense line 
feature (100 nm) is achievable using attenuated PSM, with the addition of assist features and 
a wavelength of 248 nm.  However, this will result in a high MEEF.  
Empirical results show that larger placement spacing of assist features decreases 
MEEF for conventional illumination.  However, the effect is less significant for annular 
illumination and increasing the assist features size results in a slight reduction in MEEF. 
A new parameter, kt is also introduced in studying the effect of transmission error of 
attenuated PSM on the printed CD.  Conventional illumination appears to have a greater kt 
value compared to annular illumination.  For isolated line feature with assist features, aerial 
image simulation shows that the factor kt is not greatly influenced by the type of illumination 
used. 
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With the advancement of modern technology, central processor unit (CPU) with 
faster processing speed and larger memory storage is needed.  In order to meet these 
requirements, millions of transistors, which are the basic component of advance 
computation devices, need to be shrunk in order to increase the speed as well as the 
density of transistors per unit area on a single chip.  The size of the transistor is primarily 
determined by its gate length, as shown in Fig. 1.1, it is also known as Critical Dimension 
(CD), as it is the smallest feature to be patterned on a chip.  The progress of the 
technology node of the International Technology Roadmap for Semiconductors (ITRS) 
roadmap [1] listed in Table 1.1 is associated with the CD advancement, from 0.18 µm in 
1999, 150 nm in 2000 and to 130 nm in 2001. 
An illustration of the microlithography projection system is shown in Fig. 1.2.  
Excimer laser light source is used to illuminate a photomask (also termed as reticle in the 
semiconductor industry) through a complex lens system, such that the image plane lies on 
the wafer surface.  The image pattern is captured onto the wafer through the use of a 
photosensitive resist coated on the wafer surface.  The coating used also posses the ability 
to resist the etching process, hence given the name “photoresist”. 
The ever-increasing requirement for shrinkage of the CD increases the difficulty 
in obtaining a good image quality onto the wafer surface.  In recent years, the feature to 
be patterned is in the sub-wavelength region of the illuminating light source, hence 
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diffraction, which is the bending of light as it passes through an aperture, limits the 
resolution of the microlithography process.  For equal line and space features, the 
resolution of the projection optics can be determined by the wavelength (λ) and the 
numerical aperture (NA) using Rayleigh’s formula shown in Eq. (1.1).  
1Resolution NA
k λ=              (1.1) 
where k1 is a dimensionless number that could be used to describe the ease of imaging.  A 
k1 value of 0.75 or greater produces a good image quality.  However, when the k1 value is 
less than 0.75, resolution enhancement techniques (RETs) need to be utilized in order to 
obtain a good image quality.  
With advancing technology driven according to Moore’s law [2], feature size 
smaller than the wavelength of light is needed to be produced.  However, the rate of 
feature size reduction is far greater than the rate of introduction of shorter wavelength 
light source and higher numerical aperture lens.  The challenges faced by 
photolithographers are the ability to pattern sub-wavelength features onto wafers with 
good dimension control and uniformity, as well as having high process windows, which 
in turn are affected by comprise of the performance of the depth of focus (DOF) [3, 4] 
and the Exposure Latitude (EL).  A high DOF would ensures uniform CD of the patterned 
image over an irregular topography of the resist on the wafer surface.  Whereas high 
exposure latitude would ensure that the CD controls are more tolerable than the exposure 
variation inherent in the exposure system. 
The resolution, which is the minimum resolvable CD in optical lithography, is a 
function of three parameters given in Eq. (1.1) by Rayleigh’s formula [5].  The CD is 
proportional to λ and has an inverse relationship with the NA.  The present technology 
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node utilizes λ of 248 nm (KrF laser) and is in the introductory phase of 193 nm (ArF 
laser) and research is still on going on λ of 157 nm (F2 Laser).  The physical limit of NA 
is 1, which means light in all directions is captured by the imaging system.  The normal 
NA presently used is 0.5 and NA of 0.68 - 0.80 have recently been made possible.  As 
mentioned, due to the different rates in the reduction of CD, λ and NA, the k1 factor has 
decreased.  For a wavelength λ of 248 nm, NA of 0.68, and to achieve a CD of 150 nm, k1 
is below 0.75, hence to improve the image quality, the use of resolution enhancement 
techniques is inevitable.  
 
1.2 Resolution Enhancement Techniques (RETs) 
In order to improve the image quality such that smaller features can be formed on 
the resist at low k1, RETs are needed.  Examples of RETs include modified illuminations, 
also known as off axis illuminations, such as annular, quadruple, and quasar illumination.  
Other photomask techniques such as optical proximity correction (OPC)  [6], attenuated 
and alternating phase-shifting masks (PSM) [7-10] are also used.  Others including pupil 
filtering, multiple exposures, and antireflective layer enable the printability of small 
feature when k1 is range from 0.35 to 0.75.  Enhancement of the aerial image is achieved 
mainly by lowering or eliminating the zeroth order diffraction patterns, thus the image 
contrast is increased.  Another approach is by allowing more of the first and higher zeroth 




1.3 Illumination System 
In photolithography, modified illumination system improves resolution.  The 
unmodified illumination is known as conventional illumination, while the modified 
illumination is named off axis illumination as the on-axis component is been filtered out. 
 
1.3.1 Conventional Illumination 
Conventional illumination, also known as three-beam imaging, consists of on axis 
and off axis illumination components.  The axis refers to the optical axis of the imaging 
lens.  As the illuminating light source is not a point source illumination, partial coherency 
needs to be considered.  Details on image formation and partial coherency are discussed 
in Appendix B.  With conventional illumination, the on-axis component will give rise to a 
large signal of the zeroth order diffraction.  The reduction of the image contrast by the 
zeroth order diffraction worsens as the CD decreases.  Thus, there is a need to decrease 
the zeroth order diffraction to improve image contrast with smaller CD.  The parameters 
associated with conventional illumination are numerical aperture (NA) and partial 
coherency factor (σ).  As shown in Rayleigh’s formula in Eq. (1.1) a large numerical 
aperture increases resolution.  However, it also decreases depth of focus (DOF), while a 
large partial coherency factor increases the first order diffraction collected but causes 
defocus. 
 
1.3.2 Off Axis Illumination (OAI) 
In instances where k1 is high, off axis illumination tends to decrease depth of focus 
since a composite image is more likely to be defocused.  However, for a small isolated 
 5 
feature where k1 is 0.35, its diffraction spectrum fills the lens pupil almost uniformly, thus 
exposure latitude (EL) and depth of focus will not be degraded.  For a large feature, the 
spectrum energy is concentrated in the area of the non-diffracted direction, only exposure 
latitude but not depth of focus will degrade.  In other cases, when the angular spread of 
the light rays is less than that of conventional illumination, depth of focus may also be 
increased. 
By reducing the majority of the zeroth diffraction patterns order through off axis 
annular illumination, the image quality and contrast are greatly improved.  Off-axis 
source also shifts the diffraction spectrum, hence the first and higher diffraction order can 
be collected and recombined which greatly improved the image quality.  Off axis 
illumination is also known as two-beam imaging.  Examples of off axis illumination are 
annular, quadruple and quasar illuminations that are shown in Fig. 1.3 
 
1.4 Optical Proximity Correction (OPC) 
Besides the challenges faced with the requirement for the ever-decreasing CD, CD 
uniformity control for various pitches and features is equally critical.  CD of the patterned 
feature is highly influenced by the present of surrounding features such as optical 
proximity effect.  One of the causes of proximity effect is the overlapping of the Gaussian 
tail of the line spread function from neighboring features as shown in Fig. 1.4.  As such, 
the application of OPC [11] on the pattern data will improve the pattern image fidelity 
and CD uniformity.  Some authors refer to OPC as Optical and Process Correction 
because lithography processes also control the CD of the features.  OPC has also been 
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referred to as Optical Pattern Correction.  This is because the pattern data is pre-distorted 
to give the desired pattern on the wafer.  Besides the addition of pattern structures such as 
hammerheads, serifs as well as assist features, the simplest way of pattern correction is by 
biasing the feature size.  An example of OPC that shows pre-distorted feature is shown in 
Fig. 1.5.   
The finite NA of the imaging tool limits the high spatial frequencies of diffracted 
pattern that is needed to reconstruct the full pattern image from the mask onto the wafer 
surface.  As a result of the absence of these higher order diffraction patterns, optical 
proximity effect such as pitch dependent CD variation and line shortening occurs.  As the 
feature size decreases, the spatial frequencies of the diffracted pattern increase.  The high 
spatial frequencies would be filtered off by the finite NA and thus the optical proximity 
effect would become more significant. 
Sub-resolution assist features (AF), also known as scattering bars, is electronically 
nonfunctional and lithographically non-printable [12, 13].  As the performance of dense 
line  feature behave differently throughout pitch changes, addition of sub-resolution assist 
feature to dense line helps to control the CD variation throughout the pitch [14, 15].  The 
placement of assist feature from the primary feature will influence the CD variation as the 
aerial image contrast can be improved.  As isolated line features can be seen as dense line 
feature with a high pitch, assist feature help to improve the quality of the image.  
Examples on the placement of assist feature are shown in Fig. 1.6.  
Even with the techniques to print CD below the illuminating wavelength, issue 
such as printing the desired CD still exists.  In reality, deviation from the desired CD to be 
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printed occurs because the whole photolithography projection system is not operating in 
ideal conditions.  Various sources of error are contributed by the laser source, the 
projection lens, the wafer surface, and the photomask [16].  In the case of an excimer 
laser, fluctuation in the desire emission spectrum could occur.  For the projection lens, 
lens aberrations such as flare [17], coma, spherical, astigmatism, field curvature, and 
distortion would alter the image.  During processing, the thickness of the spin coated 
photoresist [18] and its properties, the surface topography variations could attribute to the 
CD errors.  Other examples of photomask errors are line width, phase and transmission 
errors [19].  With reduction in CD, tighter process budget arises, hence error contributions 
from all known sources need to be tightly controlled.  For sub-wavelength 
microlithography, the error that is induced on a wafer by the reticle CD error no longer 
follows a linear relationship.  Hence, studies are carried out to understand the effect 
caused by the reticle on the final CD on a wafer surface. 
 
1.5 Mask Technology 
In order to achieve finer resolution, the switch from binary mask to phase shifting 
mask is inevitable.  Other more expensive options include the use of shorter wavelength 
photolithography such as 193 nm and 157 nm. 
 
1.5.1 Binary Mask (BIM) 
The binary mask is a traditional mask used for photolithography.  It consists of a 
transparent quartz layer with patterned feature in opaque chrome metal layer, thus it is 
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also known as chrome-on-glass (COG) mask.  The resultant electric field will vary from 0 
to +1, hence the named binary mask was given. 
 
1.5.2 Phase Shifting Mask (PSM) 
Phase shifting mask makes use of π phase difference interference properties of 
light to produce an image with high contrast.  Two types of phase shifting mask presently 
used are alternating and attenuated phase shifting mask. 
 
1.5.2.1 Alternating Phase Shifting Mask  
In an alternating PSM, with elimination of a certain amount of quartz on its 
surface through etching or an addition of a “phase shifter” on the mask helps to create a 
phase difference of π as shown in Fig. 1.7 [20].  The resultant electric field will vary from 
-1 to +1 instead of the usual 0 to +1 for binary mask.  Negative complex amplitude 
represents a phase shift of π.  As the aerial image is proportional to the square of the 
amplitude image, a high image contrast thus can be obtained as the pitch of the feature is 
doubled when compared to one without phase shifting.  Hence, with an increase in the 
pitch, the frequency of the first diffraction order is reduced, and more first order can be 
captured with optimum illumination condition. 
MEEF values for alternating phase shifting mask is generally less than 1.  This 
means that the photolithography process is insensitivity to mask CD error.  However, this 
insensitivity makes it difficult for OPC biasing. 
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 As the implementation of alternating PSM is hindered by phase conflict in a 
complex pattern, as well as the issue of intensity imbalance between the 0 and π phase 
region, attenuated PSM is favored as another alternative for ease of implementation. 
 
1.5.2.2 Attenuated Phase shifting Mask  
Attenuated PSM requires the opaque areas consisting of chrome in binary mask to 
be replaced with partially transmitting material in order to produce a phase different of π 
through variation of the material thickness as shown in Fig. 1.8. This enables a reasonably 
high image contrast to be obtained.  Although attenuated PSM does not have the 
advantage of alternating PSM of pitch doubling effect, the resolution is improved 
compared to binary mask.  The side lobe creates undesirable features to appear when high 
transmitting material is used or when over-exposure occurs.  This side lobe effect is the 




For sub-wavelength microlithography, in order to meet the requirement of the 
stringent CD budget for microlithography process, there is a need to understand the error 
contributions from the photomask, which it may inherit during manufacturing, and its 
effect on wafer patterning process.  The main area of this study is focused on the mask 
error enhancement factor (MEEF), which is the CD error on the photomask, and also on 
the transmission error that occurs on phase shifting mask (PSM).  The objectives of the 
study are as follows, 
 10 
1. Derivation of a theoretical equation for the relationship between MEEF and the 
aerial image quality. 
2. Verification of the proposed equations for comparison studies. 
3. Propose a new constant for transmission error. 
4. Verification of the proposed constant for the transmission error. 
Study will be performed on one-dimensional structures, which are isolated line feature 
and grouped (Dense) lines feature.  In addition, the study also includes the effect of 
MEEF with varying illumination and assist features specification.   
In the course of the study, four publications arising from this research work are 






































































Fig. 1.5 Application of OPC 
 
(a) Features without OPC (b) OPC done by biasing, 
addition of assist features 





Fig. 1.6 Dense line with different pitch and placement of assist features 
 
(a) Dense line with low pitch 
and one assist feature added 
between primary features 
(b) Addition of 2 assist 
feature as the spacing 
between spacing increases 
(c) Isolated line 
with scattering bars
































Fig. 1.8 Attenuating PSM increases the image intensity contrast 
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Table 1.1  Product Generations and Chip Size– Technology Node Scenarios* 






















*Taken from International Technology Roadmap for Semiconductors (ITRS) 2000 







2.1 Mask Error Enhancement Factor (MEEF) 
As technology advances to sub-wavelength photolithography, a unit change in the 
pattern data design will no longer result in a unit change in the patterned feature size.  MEEF 
is a measurement of such non-linear relationship [21].  MEEF also recently referred to as 
Mask Error Factor (MEF) [22- 25] has become one of the critical concerns with recent 
progress to produce pattern features far smaller than the wavelength of light (such as 150 nm 
and below). 
The illumination condition for a process is normally optimized based on the 
performance in patterning the densest feature.  Thus, OPC needs to be carried out on other 
duty ratio1 and design pattern features.  The most common OPC technique utilized is the 
biasing of the feature size.  As a unit bias of the design feature will no longer correspond to a 
unit bias on the resist image, MEEF needs to be considered when performing biasing. 
MEEF generally increases with decreasing CD.  For isolated line, MEEF is not 
significant until the features are smaller than 200 nm.  Currently MEEF for feature smaller 
than 150 nm is not obtainable.  The highest resist MEEF value for 160 nm isolated line is 
around 3.5.  Differences exist between feature types and mask technologies.  MEEF increases 




λ , MEEF varies almost 
exclusively with the pitch and is independent of the CD. 
                                                 
1 Duty ratio = Space between adjacent feature/ CD 
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Besides one-dimensional line feature that has been investigated in this project, MEEF 
has also been characterized for a two-dimensional feature such as contact holes, line end 
shortening, and elbow junction [26, 27].  In some instances, high MEEF value of greater than 
4 is obtained experimentally.  For two-dimensional studies, MEEF matrix [28] is introduced, 
as any single dimensional variation of neighboring pattern will result in amplification of both 
dimensions in the feature. 
MEEF can also be controlled by NA, illuminator setting, process conditions, and 
resist type [29].  Optimum condition setting for achieving large DOF may be different from 
that of achieving minimum MEEF.  Thus, in order to achieve a good CD uniformity over a 
required focus range, the requirements for large DOF has to balance with a low MEEF.  For 
ease of OPC and controllable CD variation, the desired MEEF value is unity.  Having a 
MEEF that is less than one is also desirable because the mask error will have less effect on 
the resist error.  However, it will result in difficulty in OPC during feature basing.  
Theoretical MEEF [30]   based on Fourier optics has been characterized for equal line and 
spacing features.  As an example, for alternating PSM,  
( ) ( ){ }
( )
1








 − +  =       (2.1) 
where X=f0x and f0 is the spatial frequency, 
A
L
β ≈  and A is the size of space, L is half of the 
period, which yields a value of 1.0 (for larger spacing L is smaller than 1.0).  Hence, 
alternating PSM has a much more manageable MEEF than BIM and attenuated PSM. 
Ma and Mack [31] state that the combination of off axis illumination with attenuated 
PSM results in better performance than using attenuated PSM or off axis illumination 
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separately.  Dense features are further enhanced by off axis illumination.  However, off axis 
illumination is not effective for isolated feature. 
Kachwala [7, 32] describes the advantages and limitations of high transmission 
attenuated PSM.  Dense line feature benefits the most from high transmission with 
conventional illumination. 
Apart from the normal reduction of CD during the lithography process, CD reduction 
can also be achieved through resist trimming in the etching process where the patterned resist 
is etched away sideway leaving a narrow feature [33].  However, even with the resist 
trimming process, MEEF obtained is still greater than unity. 
Detailed explanation by Wong [34] attributed MEEF mainly to the degradation of the 
aerial image integrity at low k1 values.  For feature size much smaller than the wavelength of 
the exposure system, mask spectrum becomes frequency independent and has a magnitude 
proportional to the feature size width.  Reduction in the size of a dimension, namely isolated 
space, will result in a square power decrease in the intensity.  For two-dimensional features, 
the power is quadruple.  This relationship causes image integrity degradation, which is the 
primary cause of MEEF and is more prominent at low k1.  Another factor is the loss in image 
quality, which will only further increase MEEF.  The characterization of MEEF near the 
resolution limit is resist-dependent [35].  Although aerial image provides the basic nonlinear 
behavior that gives rise to rising MEEF at small feature sizes, the finite contrast and non-
zeroth diffusion of the resist add to this nonlinearity, accelerating the deleterious increase in 
sensitivity to mask errors. 
Mack [25] Analytic expressions for the aerial image MEEF under simple incoherent 
and coherent illumination conditions are derived.  It is important to note that the image CD is 
Chapter 2 
23 
only an approximate indicator of the resist CD.  Over the range of valid pitches, the coherent 
image MEEF is only dependent upon the duty cycle, not on the pitch itself.  The incoherent 
image MEEF has direct pitch dependence through the value of the modulation transfer 
function.  One might intuitively suspect that there is a direct relationship between image 
quality and the magnitude of the MEEF.  Describing image quality with the normalized 
image log-slope (NILS) [2], an image with a high NILS (a steep transition from high to low 
intensity at the nominal mask edge) should be less sensitive to errors in mask width than an 
image with low NILS.  There is no obvious direct relationship between NILS and MEEF. 
Plat [23] found that the assist features did not improve the MEEF for the isolated 
lines or for the 700 nm pitch with CD smaller than 190 nm.  However, for the minimum 
assist pitch and the CD greater than 190 nm the MEEF rapidly increased from 1 to 2.  
 
2.2 Transmission Error 
The effects of mask error critical dimension on printed wafers have been widely 
studied.  However, the transmission error that occurs in the blank and mask fabrication has 
not been widely investigated.  With the shrinking CD, the absolute CD budget also decreases.  
Transmission error contributed from the attenuated PSM will become an issue.  Hence, 









3.1 Mask Error Enhancement Factor (MEEF) 
With the introduction of projection photolithography, which replaces proximity 
photolithography, features on a photomask are scaled down onto a wafer by the 
demagnification, M, of an optical lens.  
In projection photolithography, CD of resist feature on the wafer (CDW) is linearly 




1  is a 




=                   (3. 1) 
Thus a 10 nm mask error will only result in a 2.5 nm CD error on the resist in a 
system where M = 4.  However, this reduction in mask error is not valid for all conditions.  
For sub-wavelength photolithography with finite NA, instead of a scaling down of mask 
error, mask errors are amplified on the resist. 
As MEEF amplifies mask errors, the benefits of OPC are reduced.  MEEF can be 






















Hence, as seen from Eq. (3.4), MEEF is simply the derivative of a linearized graph of CD of 
resist feature on the wafer (CDW) against CD on the mask (CDM′) with demagnification.  For 
a typical line space feature printed using a projection scanner system, where M = 4, a 10 nm 
mask error will result in a resist CD error of 2.5 nm if MEEF is unity.  However, if MEEF 
value is to increase from 1.0 to a value 2.0, a 10 nm mask error will now result in a resist CD 
error of 5 nm.  This non-linear relationship will increase the difficulty in the use of the OPC 
process. 
 
3.2 Relationship of MEEF and Rayleigh’s Formula  
The resolution of the imaging system is given by Rayleigh’s formula shown in Eq. 
(1.1).  To obtain the relationship between MEEF and minimum CD, let CDA and CDB be the 








                    (3. 6) 
As k1 is proportional to CD, for constant NA and λ, 1A 1Bk > k . 
From Eq. (3.5.) and Eq. (3.6), 
A B 1A 1B
λ(CD - CD ) = (k k )
NA




λCD = (k k )
NA
∆ −                  (3. 8) 
where ∆CD is a change in CD. 
However, for sub-wavelength photolithography, CD does not have a direct proportional 
relationship with k.  Hence, the equation for the indirect relationship is given by 
1A 1B
λCD = (k k )
NA
∆ α −                  (3. 9) 
where α is a constant dependent on the sub-wavelength CD. 




∆= ∂                 (3. 10) 
where ∆CD = ∂CDW , both changes in CD refer to the resist printed CD on a wafer. 
1A 1B
M'
(k k ) λMEEF =
CD NA
α −
∂                (3. 11) 







For a small pitch and at a particular λ and NA, a smaller k1 is needed for a smaller CD.  
Hence, for CD1A greater than CD1B, k1A is greater than k1B and as the CD and pitch decrease 
beyond sub-wavelength, the difference between k1A and k1B will increases.  Thus, the MEEF 




3.3 Image Quality  
3.3.1 Contrast 
Contrast of an image quality is defined as 
max min
max min
Contrast = 100%I I
I + I
− ×                (3. 13) 
where Imax is the maximum intensity of the image and Imin is the minimum. 
The higher the contrast, the more distinct the bright and dark regions, and hence the better 
image quality.  However, contrast only relates well with image quality of periodic gratings.  
For isolated space on binary mask, as Imin = 0 and Imax  > 0, the contrast is 100% regardless of 
the opening width.  However, beyond the resolution limit, Imin ≠ 0 and Imax  > 0 are observed. 
 
3.3.2 Normalised Image Log Slope 
As the dependence of photoresist dissolution on exposure dose is logarithmic, the 
quantity known as the image log slope (ILS) is defined as 
th




= =                 (3. 14) 
where Ith is the threshold intensity, such that it is inversely proportional to the dose sensitivity 
of the edge position. 
Since the tolerance of a feature is expressed as a fraction of the CD, multiplying the 







=                 (3. 15) 
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3.3.3 MEEF and Image Quality 
As stated in Section 2.1, degrade in image quality is the cause of MEEF and both 
contrast and NILS are used to measure the image quality.  Higher values in contrast and 
NILS signify better image.  From Eq. (3.15), it is seen that for a given CD and Ith values, 
increase in d
dx
I  will increase NILS.  The increase in d
dx
I  can be a result of a decrease in Imin 
or an increase in Imax which will also result in an increase in the image contrast as seen in Eq. 
(3.13).   





×=                 (3. 16) 
For a constant NILS value and Ith, the change in CD which refers to the change in the CD of 













∆ ×∆ =                 (3. 18) 
































ε∆=                 (3. 22) 
From Eq. (3.20), MEEF value increases as d
dx
I∆ decreases or NILS increases.  From Eq. 
(3.22), MEEF value increases as NILS∆  increases or d
dx
I  decreases. 



















ε∆=                 (3. 24) 
Dividing Eq. (3.23) by Eq. (3.24), assuming ∆NILS as small, i.e. 
A B










=                (3. 25) 








I , MEEFA is less than MEEFB. 
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3.4 Effect of Attenuated PSM on MEEF  
An isolated line feature on the mask can be considered as a dense line feature with a 
very large pitch and a duty ratio greater than 6.  Equations (3.5) to (3.12) are applicable to 
isolated line feature with a large duty ratio.  Hence, as discussed in Section 3.2, as the CD 
decreases, the MEEF value increases.   
Attenuated PSM is a resolution enhancement technique, so as compared to binary 
mask, it is able to decrease the Imin for sub-wavelength feature and increase 
d
dx
I .  Let the 
MEEF value and d
dx




I , and the MEEF value and d
dx
I  




I .  For a fixed CD and pitch, the range of 
intensity for an attenuated PSM is higher than a binary mask.  This will result in a higher d
dx
I  
and hence a lower MEEF value decreases as shown in Eq. (3.22). 



















=                (3. 26) 
thus, PSM BMMEEF MEEF< .  Hence, the MEEF for attenuated PSM is less than binary mask. 
The performance of attenuated PSM is also influenced by its transmission.  Let the 
MEEF value and d
dx













I .  The use of higher transmission will 
increase d
dx


















=                (3. 27) 
thus, P2 P1MEEF MEEF< .  Hence, MEEF value decreases with the use of higher transmission 
attenuated PSM. 
 
3.5 Effect of Off Axis Illumination on MEEF 
An increase in the partial coherency factor will increase the off axis component 
illumination.  For conventional illumination, this will increase the higher order diffraction 
spectrums entering the objective lens.  The ratio of the first order to the zeroth order 
diffraction spectrum decreases with decreasing partial coherency factor.  As a result, the 
intensity range decreases and hence d
dx













=                (3. 28) 




I  is the d
dx
I  for lower σ, and MEEFσH is the 






 is the d
dx
I  for higher σ.  The use of higher σ decreases d
dx












.  Thus as shown in Eq. (3.28), L HMEEF > MEEFσ σ .  Hence, there is a decrease 
in MEEF value as the partial coherency factor increases. 
The use of off axis annular illumination filtered out partial of the zeroth order 
diffraction spectrum.  This increases the Imax and decreases the Imin compared to conventional 


















=                (3. 29) 




I  is the d
dx
I  for annular illumination and 




I  is the d
dx
I  for conventional illumination, thus as 
shown in Eq. (3.29), Ann ConMEEF MEEF< .  Hence, there is a decrease in MEEF value with 
the use of annular illumination. 
 
3.6 Effect of Assist Feature on MEEF 
The use of assist feature on isolated line makes the isolated line behave like dense 
line feature.  This increases the Imax and decreases the Imin compared to isolated line without 












I  is the d
dx





I  is the d
dx












=                (3. 30) 
where MEEFAF is the MEEF value for isolated line with assist feature and MEEFIso is the 
MEEF value for isolated line without assist feature, thus AF IsoMEEF < MEEF .  Hence, MEEF 
values decrease with the use of assist feature. 
As the width of the assist feature increases, more isolated line feature resemble dense 












I  is the d
dx
I  for isolated line with larger 




I  is the  d
dx
I  for isolated line with smaller assist feature bar 










=                 (3. 31) 
where MEEFLW  is the MEEF value for isolated line with larger assist feature bar width and 
MEEFSW  is the MEEF value for isolated line with smaller assist feature bar width, thus 
LW SWMEEF MEEF< .  Hence, as the assist feature bar size increases, MEEF value decreases. 
The increase in placement of the assist feature will increase the pitch.  k1 value will 
increase as the pitch increases, but the change in k1 value is small as the pitch increases, 




3.7 Transmission Error Factor 
To determine the severity of transmission error on the CD, a dimensionless kt is 







∂                 (3. 32) 
where  ∂CD represents the change in CD of the resist feature on the wafer, ∂T represent the 
change in transmission T of the phase shifting material on the mask,  and hence the parameter 
kt would represent the normalized rate of change in the critical dimension with respect the 
transmittance of the attenuated layer of a reticle.  A low value of kt is desirable as it signifies 
that the imaging process is less influenced by the transmission error.  A high kt value 
suggests a high dependency on the transmission error of the reticle.  The kt value is obtained 
through simulation or experiment.  The resultant change in CD caused by the transmission 
error of the attenuated PSM is obtained using Eq. (3.27) 
t CD = CD k T
T
∂∂                 (3. 33) 









∂                 (3. 34) 
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∂                 (3. 35) 
From Eq. (3.35), as the CD decreases, 1A 1B(k k )−  increases, thus kt value increases, if the 
same mask, NA and λ are used. 










                (3. 36) 
or From Eq. (3.18) and Eq. (3.32) 
tht






                       (3. 37) 
With the use of off axis annular illumination, Imax increases and Imin decreases 
compared to conventional illumination.  This increases the d
dx
I  while maintaining the small 
NILS∆ , thus kt value decreases as shown in Eq. (3.37).   
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3.7.1 Effect of Off Axis Illumination on Transmission Error Factor  
As the CD decreases, k1 increases as shown from Rayleigh’s formula.  For a change 
in CD beyond the resolution limit, (k1A-k1B) increases as shown in From Eq. (3.8).  Hence as 
the CD decreases, kt value increases as shown in Eq. (3.26) for the same mask, NA and λ 
used. 
As explained in Section 3.5, the use of off axis annular illumination filtered out the 
zeroth order diffraction spectrum partially.  This decreases the intensity range and decreases  
d
dx






This chapter describes the experimental setup and procedures for the study of isolated 
line feature, dense line feature and isolated line feature with assist feature on MEEF.   
 
4.1 Experimental Setup and Procedure 
The patterned wafers used are prepared using the 248 nm DUV step and scanner 
exposure tool.  Photomask consisting of a series of isolated line feature, dense line feature 
and isolated line with assist feature are used.  Each line feature has various CD line width and 
spacing with and without OPC for imaging. 
The wafer coating and developing process flow chart is shown in Fig. 4.1.  The 
photolithography process starts by spin-coating bare silicon wafer with bottom anti- 
reflective coating (BARC) layer.  This is performed to reduce the standing wave effect.  The 
wafer that is coated with the BARC is then heated to remove the solvent and chilled to room 
temperature.  Photoresist is then spin-coated on top of the BARC.  The wafer with the 
photoresist is then heated to remove the solvent and chilled to room temperature.  This 
heating of the photoresist is known as pre-exposure bake or soft bake.  The coating 
processes, as well as the heating processes and transfer of wafer, are carried out using the 
CLEAN Track ACT 8 equipment produced by TEL and is shown in Fig. 4.2.  The coated 
wafer is transported to the scanner system to be exposed at the scanner system interface. 
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Exposure of the coated wafer is performed using the 248 nm DUV Scanner system 
shown in Fig. 4.3.  The parameters for the numerical aperture, partial coherency factor and 
the dosage are specified by the user at the user control interface panel.  Figure 4.4 shows the 
schematic of the scanner system.  The reticle is mounted on the reticle scanning stages and 
the wafer is mounted on the wafer scanning stages.  Both stages move simultaneously and the 
circuit pattern from the reticle is transfer onto the wafer with the projection lens, using the 
rectangle exposure area. 
After exposure, the wafer is returned to the CLEAN Track ACT 8 system.  As the 
resist is a positive chemical amplified resist (CAR), the exposed wafer goes through a 
heating process known as post-exposure bake to allow the acid in the resist to diffuse 
downward for better resist profile.  After post-exposure bake, the wafer undergoes the 
development process to dissolve away the unexposed photoresist leaving only the desired 
patterned feature. 
A Focus-Exposure-Matrix (FEM) is shown in Fig. 4.5.  The focus value increases 
horizontally and the exposure dosage increases vertically.  FEM is used to determine best 
focus, depth of focus and exposure latitude of the desired CD.  CDs of isolated lines, dense 
line and semi-dense line are measured for each site on the matrix. Bossung curves are then 
plotted and the optimum condition is determined.  The focus bias as well as the depth of 
focus is also determined from the CD versus focus plots.  The wafer is exposed under 
optimum conditions for dense line.  Table 4.1 shows a split table for experimental works that 
are preformed on varying mask types on MEEF and illuminating conditions for isolated line 
feature.  Table 4.2 shows a split table for experimental works that are preformed on varying 
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illuminating conditions for dense line feature.  All wafers are exposed using the illuminating 
condition and equipment listed. 
The CD of the feature line width is obtained using a top view CD-SEM (KLA-Tencor 
8100XL).  Image of the line feature is captured and processed to remove the noise is carried 
out.  Two sampling areas enclosing the two line edges of a line feature are chosen and the 
mean intensity levels of the sampling areas with respect to its position are computed.  A 
threshold level value of 50% of the total intensity is defined.  The distance between the two 
outer threshold points defined in the sampling area is the CD.  3 sets of measurements are 
taken for each CD and the mean value is computed. 
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4.2 6% Attenuated PSM on MEEF 
4.2.1 Isolated Line Feature 
For the study of the effect of 6 % attenuated PSM mask types on MEEF using 
conventional illumination, wafers exposed using the parameters in Table 4.2 are used for 
comparison of MEEF with other mask types, namely Binary mask and 18% attenuated PSM.  
MEEF values are calculated from the linearity plot and plotted against the CDM’.  To show 
that the effect on MEEF is independent of the illumination condition, wafers are also exposed 
annular illumination using the parameters in Table 4.3. 
 
4.2.2 Dense Line Feature 
Figure 4.6 shows the dense line test pattern structure with central line width L1, 
neighbouring line of width L2 and spacing of S1 and S2 respectively.  Each desired CD has 5 
set of patterns with varying duty ratio.  Duty ratio is defined as the ratio of the line spacing 
and the line.  The duty ratio ranges from 1.2 to 2.0 at 0.2 increments.  To study MEEF for 
each duty ratio, the central line L1 is also both positively and negatively sized by 5 nm and 10 
nm.  Hence 5 set of patterns with different L1 are produced for each duty ratio.   When L1 is 
positively sized, S1 is negatively sized so that the pitch remains constant.  L2 and S2 also 
remain constant. A detail of the test pattern design is shown in Appendix D. 
Wafers are exposed using the parameters in Table 4.4.  Measurements of CD of the 
all central line L1, including the positively and negatively sized, for the duty ratios 1.2 to 2.0 
are taken and plotted against the CDM′.  The MEEF values are obtained from the gradient of 
the graphs using least square method.  For the study of MEEF for dense line feature with 




4.3 Off Axis Illumination on MEEF 
4.3.1 Isolated Line Feature 
In order to study of the effect of partial coherency on MEEF for 6% attenuated PSM, 
wafers are exposed using the parameters in Table 4.5.  Conventional illumination with 
constant NA of 0.68 and σ of 0.75 and 0.85 are used.  MEEF values are calculated and 
plotted against the CDM’. 
By using annular illumination, the on axis illumination component is eliminated.  
Comparison of the effect of with only off axis illumination component on MEEF for 6% 
attenuated PSM, binary mask and 18% attenuated PSM are done by exposing the wafers 
using the respective parameters in Tables 4.6 to 4.8.  Conventional illumination with NA of 
0.68 and σ of 0.75 and off-axis annular illumination with NA of 0.68 and outer σ of 0.75 and 
inner σ of 0.35 are used for comparison of the effect with on axis illumination component 
and with only off axis illumination component respectively.  The MEEF values are calculated 
and plotted against the CDM’. 
The use of higher partial coherency increased the resolution.  To study the effect of 
higher partial coherency on MEEF for 6% attenuated PSM, higher σ values of 0.85 are for 
both conventional and annular illuminations.  Wafers are exposed using the parameters given 
in Table 4.9 for comparison.   
 
4.3.2 Dense Line Feature 
Similar to isolated line study on the effect of off axis illumination on MEEF, wafers 
exposed using conventional and annular illuminations with the parameters in Table 4.10 are 
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used for comparison, but measurements of CD are performed on dense line feature.  MEEF 
values are determined and plotted against duty ratios.   
In order to verify the influence of higher partial coherency for annular illumination, 
wafers are exposed using the annular illumination parameters given in Table 4.11.   
 
4.4 Assist Feature on MEEF 
Assist feature with bar width and placement in Table 4.12 are added to isolated line.  
Assist feature of bar widths of 40 nm, 60 nm and 80 nm are placed at 120 nm, 180 nm and 
240 nm away from the isolated line which is also known as the primary feature.  The wafers 
are exposed using the illumination parameters shown in Table 4.13.  In order to reduce the 
experimental error, the polynomial curve fitting method in Section 3.2 was used with the 
study on isolated line with assist feature to obtain the MEEF values. 
4.4.1 Off Axis illumination 
To study the effect of off axis illumination on MEEF for 120 nm isolated line feature 
with assist feature, assist feature of 40 nm bar width are placed 240 nm from the isolated line.  
The parameters a, b, c and d are obtained from the linearity plot using Eq. (3.5) and MEEF 
values are also obtained using Eq. (3.6).  The MEEF values are obtained and plotted against 
the duty ratios.  
 
4.4.2 Assist Feature Width 
The use of annular illumination and addition of assist feature width improves the 
image quality.  However, the assist feature width used is also critical.  Thus, in order to the 
study of MEEF for 120 nm isolated line feature, the assist feature width are varied ranging 
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from 40 nm to 80 nm.  Assist feature with placement of 180 nm and 240 nm are used and the 
wafers are exposed using annular illumination.  MEEF values are obtained and plotted 
against the duty ratios.  
 
4.4.3 Assist Feature Placement 
To determine the effect of assist feature placement on MEEF for 120 nm isolated line, 
assist feature with varying width of 60 nm and 80 nm bar widths are used.  Assist feature are 
placed at 180 nm and 240 nm away from the primary feature.  Wafers are exposed using 





Fig. 4.1 Flow chart of wafer spin-coating and developing process 
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Fig. 4.2 TEL CLEAN Track ACT 8 system  
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Fig. 4.6 Dense line test pattern structure 
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1 0.68 0.75 Conventional A 
2 0.68 0.75/0.35 Annular A 
3 0.68 0.75 Conventional B 
4 0.68 0.85 Conventional B 
5 




0.68 0.85/0.40 Annular B 






0.68 0.75/0.35 Annular A 
8 0.68 0.75 Conventional A 
9 
Binary Mask  




































































1 6% PSM 6 0.68 0.75 Conventional A 
2 18% PSM 
Phase Shift 
Mask 
 18 0.68 0.75 Conventional A 



































































 18 0.68 0.75/0.35 Annular A 







Table 4.4  Spilt table for studies of MEEF on dense line feature 
 
Illuminating Condition 

















































1 0.70 0.85 Conventional A 
2 0.70 0.85/0.40 Annular  A 




4 0.70 0.85 Conventional A 
5 0.70 0.85/0.40 Annular  A 
6 











































































































































































































































































































































































Table 4.10  Spilt table for studies of effect of illumination on MEEF for dense line feature 
 
Illuminating Condition 

















































1 0.70 0.85 Conventional A 
2 
Phase Shift Mask  
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1 0.70 0.85/0.40 Annular  A 
2 
Phase Shift Mask  











Table 4.12  Spilt table for studies assist feature placement and width 
 
No. Placement of assist feature from the primary feature (nm) 
Assist feature 
bar width (nm) 
1 0 0 
2 120 40 
3 120 60 
4 120 80 
5 180 40 
6 180 60 
7 180 80 
8 240 40 
9 240 60 




Table 4.13  Spilt table for studies of MEEF on isolated line with assist feature 
 
Illuminating Condition 

















































1 0.70 0.85 Conventional A 
2 













This chapter describes the simulated setup for the MEEF studies of isolated line 
feature, dense line feature and isolated line feature with assist feature.  For isolated line 
feature, simulation is performed for binary mask, 6% transmission attenuated PSM and 18% 
transmission attenuated PSM.  The simulation setup and procedure for transmission error 
study are also described.  
 
5.1 Simulation Programme 
Simulation is performed using FINLE’s Prolith.  Prolith is a commercial simulation 
software that is able to give aerial image intensity, image CD, resist CD and resist profile.  
The input parameters needed are the exposure parameters, Dill’s parameter and the 
development and process parameters.  The graphic user interface (GUI) for the input of the 
exposure parameter is shown in Fig. 5.1.  Numerical aperture, partial coherency factor, 
demagnification factor of the lens and the illuminating source wavelength , and the exposure 
condition parameter, obtained from the Scanner’s Job file, are input in this GUI.  In order to 
simulate the standing wave in the resist film, the film stack information of the air, resist, 
BARC, silicon oxide and the silicon substrate are input in the GUI shown in Fig. 5.2.  For 
aerial image formation, the mask pattern parameter is also needed.  Figure 5.3 shows the GUI 
for the mask pattern parameters input.  The theory for aerial image formation used in Prolith 
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is given in appendix B and the formulas used in Prolith simulation programme is given in the 
formula sheet in appendix C.    
The resist Dill’s parameters, and its development model parameters used in Prolith, 
are obtained from the resist’s Vendor and input into the simulation program GUI accordingly 
as shown in Fig. 5.4.  In addition, the photolithography process parameters, such as pre-
exposure bake and post-exposure bake, are obtained from the Clean Track Act 8.  The flow 
chart of the simulation is shown in Fig. 5.5.   
The mask pattern that is used for the input in the simulator can be drawn in three 
ways.  Firstly, the mask pattern parameter can be input directly through the Prolith GUI, 
secondly it can be drawn using its mask pattern drawing program, ProMask, and export into 
the GUI, or lastly through changing the mask data file.  For batch simulation, the changing of 
the mask data file is adopted and the simulation is run in command mode instead of using the 
GUI.  The aerial image and intensity profile are computed as shown in Fig. 5.6 and Fig. 5.7 
respectively.  The image CD is obtained by taking the threshold of the intensity plot.  Resist 
CD is also computed when the simulator has completed its execution of the program. 
 
5.2 6% Attenuated PSM on MEEF 
To run the Prolith simulation for the phase shifting isolated line feature and dense line 
feature, a two-dimensional mask design is developed using ProMask.  A computer program 
is written using Microsoft Quickbasic to create the mask layout as shown in Appendix E.  In 
addition, another program shown in Appendix F is written to enable continuous execution of 
the program for different mask patterns. 
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For the study of the different mask on MEEF, the illumination parameters in Tables 
4.2 to 4.3 are input into Prolith.  Prolith has a built-in mask input parameters for both binary 
mask and phase shifting mask.  The CD of chrome or attenuated material on the mask is 
gradually increased from 100 nm to 230 nm to obtain measurement of the image CD and 
resist CD.   
As numerous masks are needed for dense line simulation, batch simulation is 
preferred.  The file changing of the mask data is adopted and the simulation is run in 
command mode instead of using the GUI.  The simulated intensity profile is output and 
similar to the measurement performed on SEM image, the image CD is obtained by taking 
the distance at the threshold at 50% of the total intensity at the two line edges of the line 
feature.  Simulated resist CD is also output when the simulator has completed its execution of 
the program. 
 
5.3 Off Axis Illumination on MEEF 
To study the effect of using off axis illumination on MEEF, the illumination 
parameters in Tables 4.4 to 4.6 are input into Prolith.  Similar to Section 5.2.1, attenuated 
material on the mask is gradually increased from 100 nm to 230 nm to obtain measurement 
of the image CD and resist CD.  The same procedures are performed for the study of the 
effect of partial coherency on MEEF, but different illumination parameters in Tables 4.8 to 




5.4 Isolated Line Feature with Assist Feature 
Mask patterns with primary feature having a bias ranging from –5 nm to 5 nm at 
intervals of 1 nm is generated.  Settings of the optimum exposure energy for the simulation 
are specified according to the dose to size for each of the different configurations of bar 
widths and bar placement spacing in Table 4.12.  Batch simulation is also used to generate 
the mask with assist feature parameters.  The illuminating condition used is given in Table 
4.13. 
 
5.5 Transmission Error 
For the transmission error study on MEEF, the isolated line feature has assist feature 
of bars size of 60 nm with placement spacing at 120 nm added.  Both conventional and 
annular illuminations are used.  For conventional illumination NA = 0.7 with σ = 0.85 is 
used, whereas for annular illumination NA = 0.7 with outer σ of 0.85 and inner σ of 0.40 is 
used.  The illuminating condition used is given in Table 4.11.  Batch simulation is also used 
to generate mask with transmission error for different target CD.  The mask Image and resist 
CD are obtained.    
The study on transmission error for attenuated PSM on MEEF can only be performed 
using simulation.  A duty ratio of 1.5 for dense line feature is carried out for 6% attenuated 
PSM with line width ranging from 100 nm to 150 nm at increments of 10 nm.  The 
transmission is varied from 5.5% to 6.5% at intervals of 0.1%.  In addition, a line width of 
180 nm is also studied.  The illuminating conditions used are the same as previous 





























































Fig. 5.5 Prolith simulation flow chart  
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Fig. 5.7 Intensity output  
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CHAPTER 6 
RESULTS AND DISCUSSION 
 
6.1 6% Attenuated PSM 
Focus exposure matrix (FEM ) is performed on the wafers patterned in Table 4.1.  
The SEM images of the isolated line taken at best focus and energy are shown in Appendix 
G. 
 
6.1.1 Isolated Line Feature 
Measurement of CD on a wafer for the splits in Table 4.1 is performed.  Figure 6.1 
shows a linearity plot of the experimental measured CD (CDw) vs. the desired CD on the 
mask (CDM′) for different mask types, namely 6% attenuated PSM, 18% attenuated PSM and 
binary mask.  Conventional illumination with NA of 0.68 and σ of 0.75 is used.  CDM′ which 
includes demagnification of the lens system on the mask ranges from 90 nm with increment 
of 10 nm up to 210 nm.  It is seen that in the 6% attenuated PSM graph, for CD greater than 
130 nm, a linear relationship between printed and desired CD is observed.  However, for line 
width less than 130 nm, non-linear relationship is observed.  Results for 18% attenuated PSM 
and binary mask are slightly different from the 6% attenuated PSM, it is seen that for CD 
greater than 140 nm, a linear relationship is observed and for line width less than 140 nm, 
non-linear relationship is observed.   
For 6% attenuated PSM, the non-linear relationship of the graph occurs because 
printing CD less than 130 nm is beyond the resolution of the imaging system even with the 
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use of attenuated PSM.  For 18% attenuated PSM and binary mask, such non-linear 
relationship of the graphs occurs because printing CD less than 140 nm is beyond the 
resolution of the imaging system.  Beyond the resolution limit, the quality of the image 
degrades.  The non-linear relationship between the desired CD and the degraded image 
quality leads to enhancement error.  The resolution of the binary mask at 140 nm while the 
6% attenuated PSM is at a better resolution of 130 nm because the phase shifting increases 
the resolution.  However the higher transmission mask of 18% attenuated PSM shows a 
lower resolution, i.e. larger CD, compared to the 6% attenuated PSM because the technology 
for manufacturing higher transmission mask is not yet available.  For the binary mask, 
although the point at CDM′ of 170 nm lies on the theoretical line, the trend of the graph 
indicates that error has occurred at that measurement point.  This is because all the 
measurement points with CDM′ greater than 120 nm show a significant positive offset 
measurement values for binary type mask, except for the point located at CDM′ of 170 nm, 
while the trend of both the 6% attenuated PSM and 18% attenuated PSM graphs do not show 
the present of such deviation measurement point.  The error can be attributed to the 
uncontrollable manufacturing error of the reticle, such that the actual CD on the reticle has a 
dimension much smaller than the design CD of 170 nm.  Reticle CD measurement tool is not 
readily made available to verify the actual CD on the reticle.  Another cause of error may be 
the measurement error of the CD SEM tool that gives a measurement with a tolerance of ±5 
nm.  The later reason for the cause of error is less likely to occur as it can be minimized by 
taking numerous measurements and averaging the result obtained.   
MEEF is defined by the gradient of the graph as given in Eq. (3.4), hence is more 
sensitive to a sudden change in the linear relationship.  Figure 6.2 shows a plot of MEEF vs. 
Chapter 6 
71 
CDM’ for the different mask types using conventional illumination.  The simulation CDW 
results are obtained following the procedure described in Section 5.2, and the MEEF values 
are computed using Eq. (3.4).  The difference between experimental and simulation results 
are calculated and tabulated in Table 6.2.  As shown in Table 6.2, the experimental results for 
6% attenuated PSM and binary mask have a similar trend with the simulation results with a 
difference of about 0.3, except for binary mask at CDM’ at 100 nm, 160 nm and 170 nm.  At 
CDM’ of 100 nm, the resist exhibit bad line edge roughness [36], hence the difference in 
MEEF values of 1.5 is obtained.  At CDM’ of 160 nm and 170 nm, difference of 0.9 is 
obtained due to the reason mentioned previously.  For the 18% attenuated PSM, the 
experimental results exhibits greater MEEF values compared to the simulation results for CD 
less than 130 nm.  The difference between the experimental and the simulation results 
obtained for 18% transmittance mask is due to the immaturity of the higher transmission 
attenuated transmittance mask at the time of the study.  The 18% transmittance mask exhibits 
a peak at MEEF value of 2.0 and line width 100 nm but the MEEF value then drops to unity 
at a smaller line width of 90 nm.  This is because at the 90 nm, the printed feature also 
exhibit a bad resist line edge roughness, thus resulting in measurement error.  There is no 
result obtained for CDM’ of 90 nm using binary mask as the lowest intensity curve is beyond 
the threshold value of 0.3.  At CD M’ of 100 nm, binary mask has the highest MEEF value of 
3.2.  The maximum MEEF value for 6% attenuated PSM is 2.3, which is close to its the 
maximum experimental MEEF value of 2.5. 
The simulation results show that for each CDM’ value, binary mask has the highest 
MEEF, followed by 6% attenuated PSM and lastly by 18% attenuated PSM.  At the CDM’ of 
120 nm, the MEEF value for 6% attenuated PSM is 1.3 and the MEEF value for binary mask 
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is 1.7.  At the CDM’ of 110 nm, the MEEF value for 6% attenuated PSM is 1.4 and the MEEF 
value for binary mask is 2.1 
In order to determine whether similar observations on MEEF are seen for wafers 
exposed using annular illumination, the same simulations and experiments, which are done to 
obtain results shown in Fig. 6.2, are also performed but the type of illumination used is 
changed from conventional illumination to annular illumination.  Fig. 6.3 shows a plot of 
MEEF vs. CDM’ for the different mask types using annular illumination.  The difference 
between simulation and experimental results are tabulated and shown in Table 6.3.  The 
experimental results trend for 6% attenuated PSM and 18% attenuated PSM are similar to the 
simulation results trend.  For CDM’ at 120 nm and greater, the difference is less than 0.3 and 
for CDM’ less than 120 nm, difference of 0.5 is obtained.  However, for the binary mask, the 
experimental results exhibits lower MEEF values compared to the simulation results for CD 
less than 130 nm.  The difference between the experimental results and the simulation results 
obtained for binary mask is because the optimization of the annular illumination setting used 
is for 6% attenuated PSM.  At CD M’ of 100 nm, binary mask has the highest MEEF value of 
3.9.  The respective maximum MEEF values for 6% attenuated PSM and for 18% attenuated 
PSM are 2.3 and 1.7 respectively.   
The simulation results show that for each CDM’ value, binary mask has the highest 
MEEF, followed by 6% attenuated PSM and lastly by 18% attenuated PSM similar to 
conventional illumination.  At the CDM’ of 120 nm, the MEEF value for 6% attenuated PSM 




6.1.2 Dense Line Feature 
An example of CD plot for MEEF calculation using NA = 0.7 and conventional 
illumination of σ = 0.85 for 120 nm dense line feature is shown in Fig. 6.4.  The gradients, 
which indicate MEEF values for duty ratios = 1.2, 1.4, 1.6 1.8 and 2.0, are obtained using 
least square method.  Unlike graphs for duty ratios = 1.4 to 2.0, it is seen that for duty ratio of 
1.2, most of the experimental values do not lie on the graph.  This is because of measurement 
errors as the resist is not suitable for printing dense line feature with small pitch.  The 
resolution enhancement techniques and lithography process used are not suitable for 
resolving the small pitch.  
The MEEF values obtained from Fig 6.4 is plotted against duty ratio and shown in 
Fig. 6.5.  It is seen that as the duty ratio increases, MEEF value decreases and approaches 
and maintains at unity at a duty ratio of 2.0.  The maximum MEEF value of 3.4 is obtained at 
CDM′ of 100 nm.  The increasing MEEF value with decreasing duty ratio or pitch obtained, 
from Fig 6.5, to validate the theory as given in Section 3.2.  Figure 6.6 shows the shift of 
spectrum frequency with duty ratios, which ranges from 1.2 to 2.0 for a series of holes and 
lines with the hole at the central location.  It is seen that with increasing space or duty ratio, 
the first order diffraction spectrum of dense line pattern decreases to a much lower frequency.  
Hence, more spectrum frequency passes through the objective lens pupil, more of the 
information of the original image carried by this spectrum can be used to reconstruct the 
image, and the quality of the reconstructed images improves.  Figure 6.7 shows the shift of 
spectrum frequency with duty ratios, which ranges from 1.2 to 2.0 for a series of holes and 
lines with the line at the central location.  It is seen that the graphs obtained appear similar to 
Fig. 6.6, except the graphs appear inverted about the x-axis, due to the difference in quantum, 
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and there is an increase in the zeroth order diffraction amplitude.  The same observation is 
noted with increasing space or duty ratio, the first order diffraction spectrum of dense line 
pattern decreases to a much lower frequency.  Hence, more spectrum frequency passes 
through the objective lens pupil, thus decreases the minimum intensity of the aerial image, 
and increases the maximum intensity of the aerial image for dense line feature.  This will 
increase the d
dx
I  while maintaining the small NILS∆ , thus MEEF value decreases as shown 
in Eq. (3.25).   
 
6.2 Effect of Off Axis Illumination on MEEF 
6.2.1 Isolated Line Feature 
6.2.1.1 Effect of Partial Coherency 
Figure 6.8 shows a plot of MEEF vs. CDM’ for different partial coherency using 
conventional illumination for 6% attenuated PSM.  σ of 0.75 and 0.85 are used with a 
constant NA of 0.68.  The experimental results fit with the simulation results.  It is seen that 
for σ of 0.75 and 0.85, the same maximum MEEF values of 2.3 are obtained.  At the CDM’ of 
120 nm, the MEEF value for σ value of 0.75 is 1.3 and the MEEF value for σ value of 0.85 is 
1.2.  The MEEF values for higher σ value of 0.85 are slightly lower than that of the σ value 
of 0.75.  Table 6.4 shows the percentage difference between the two σ values shown in Fig 
6.8 for both simulation and experimental results.  Although the simulation result shows a 
smaller difference compared to the experimental results, the overall trend of the experimental 
results also shows a very slight decrease in MEEF value with higher σ similar to simulation 
results trend.  The experiment results show a greater percentage difference because the resist 
behavior is hard to model accurately and will greatly contribute to spreading of the 
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experimental values from the simulation results.  Hence, MEEF values decrease with higher 
σ, which can be seen from Eq. (3.28).      
Larger σ broadens the frequency spectrum of the diffraction pattern and enables 
higher diffraction spectrum to pass through the lens pupils.  It is favorable to increase the σ 
and lower MEEF as well as to obtain better process margin windows, i.e. larger depth-of-
focus (DOF) and exposure latitude (EL).  However, the disadvantage of having a high σ will 
degrade the phase shifting performance, as more zeroth order diffraction patterns will also be 
allowed through the lens pupil and result in a decreasing of the aerial image contrast. 
 
6.2.1.2 Effect of Annular illumination 
Off-Axis Illumination has the same effect as partial coherency illumination where the 
diffraction spectrum has been shifted.  A commonly used off-axis illumination is the annular 
illumination.  Annular illumination greatly reduces the DC component or the zeroth order 
diffraction pattern, hence improves the image contrast.  Figure 6.9 shows a plot of MEEF vs. 
CDM’ for binary mask with conventional illumination (NA of 0.68, σ of 0.75) and off-axis 
annular illumination (NA of 0.68, outer σ of 0.75, and inner σ of 0.35) and the percentage 
difference between the two illuminating conditions are given in Table 6.5.  Observations 
similar to Fig 6.8 are made.  The simulation result shows a smaller difference compared to 
the experimental results, while the overall trend of the experimental results also shows a very 
slight difference.  The resist as well as measurement errors also affected the in experiment 
results.  For CDM′ less than 130 nm, the experimental results fit the simulation results for 
both conventional and annular illuminations, and the trend in Eq. (3.29).  However, for CDM′ 
greater than 130 nm, the experimental results are lower than the simulation results.  This is 
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because it is difficult to use binary mask to print CD smaller than 130 nm as it is beyond the 
resolution limits.  The maximum MEEF value using annular illumination is 3.9, while the 
maximum MEEF value using conventional illumination is 3.2 at CD of 100 nm.   
To understand the effect of using conventional and annular illuminations on the 
resultant intensity, the intensity plot using conventional and annular illuminations for CDM′ 
of 100 nm and 110 nm on binary mask is shown in Fig. 6.10.  An example of image CD 
using annular illumination for a 110 nm line is illustrated.  The threshold level of 0.3 is used.  
It is seen that the threshold of 100 nm line plot for annular illumination occurs at the lowest 
point, while the threshold of 100 nm for conventional illumination has a higher value.  The 
MEEF values for CDM′ between 130 nm and 180 nm for annular illumination are slightly 
lower compared to the MEEF values for conventional illumination.  This is because the use 
of annular illumination for an isolated line shows slight improvement on MEEF compared to 
the conventional illumination, as more of the zeroth order diffraction pattern is filtered off 
and hence the image contrast is improved. 
A 6% attenuated PSM has a better resolution compared to a binary mask, thus as a 
comparison, a plot of MEEF vs. CDM’ for 6% attenuated PSM with conventional illumination 
(NA of 0.68 and σ of 0.75) and off-axis annular illumination (NA of 0.68, outer σ of 0.75 and 
inner σ of 0.35) is shown in Fig. 6.11.  The experimental results have a good agreement with 
the simulation results.  Measurement error accounts for the difference in the results obtained.  
It is seen that both conventional and annular illuminations have the same maximum MEEF 
values of 2.3.  Annular illumination has slightly lower MEEF values compared to 
conventional illumination, which agree with Eq. (2.29).   
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To determine whether the outcome of 6% attenuated PSM is better than binary mask,   
Fig. 6.12 shows the intensity plot using conventional and annular illuminations for CDM′ of 
100 nm and 110 nm on 6% attenuated PSM.  Unlike the results shown in Fig. 6.10, it is seen 
that the threshold of the 100 nm intensity plot using annular illumination occurs at a point far 
from the lowest point.  Similar observation is made for conventional illumination.  The 
change in the image CD of the 110 nm to 100 nm line for annular illumination is almost the 
same as for conventional illumination.  However, the Imin for annular illumination is lower 
than the Imin for conventional illumination, hence 
d
dx
I  for annular illumination is lower and 
the MEEF value is also lower. 
In order to study if similar effect on MEEF is obtained using higher σ for annular 
illumination, Fig. 6.13 shows a plot of MEEF vs. CDM’ for 6% attenuated PSM using 
conventional illumination (NA of 0.68 and σ of 0.85 partial coherency) and off-axis annular 
illumination (NA of 0.68, outer σ of 0.85 and inner σ of 0.40).  The experimental results 
agree with the simulation results.  It is seen that the MEEF values are almost similar when 
using a larger partial coherency.  The same maximum MEEF values of 2.3 are obtained for 
both partial coherency conditions.  
The effect on MEEF for higher transmission attenuated PSM is also studied.  Figure 
6.14 shows a plot of MEEF vs. CDM’ for 18% attenuated PSM with conventional 
illumination conditions (NA of 0.68 and σ of 0.75) and off-axis annular illumination 
condition (NA of 0.68 and outer σ of 0.75 and inner σ of 0.35).  The experimental results do 
not agree with the simulation results because the technology for manufacturing higher 
transmission mask is still not mature and the illumination conditions are not optimized.  The 
respective maximum MEEF value for conventional and annular illuminations obtained at CD 
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M’ of 100 nm are 1.8 and 1.7.  It is seen that using annular illumination has lower MEEF 
values compared to using conventional illumination. 
 
6.2.2 Dense Line Feature 
6.2.2.1 Effect of Annular illumination 
Figure 6.15 shows an experimental through pitch MEEF plot for 120 nm lines using 
conventional illumination (σ of 0.85) and off-axis annular illumination (outer σ of 0.85 and 
inner σ of 0.40), and both having the same NA of 0.70.  The maximum MEEF value using 
annular illumination is 2.4, while the maximum MEEF value using conventional illumination 
is 3.3 at duty ratio of 1.2.  It is seen that using annular illumination decreases the MEEF 
values.  Figures 6.16 to 6.20 show the respective aerial images of dense line feature of duty 
ratio 1.2, 1.4, 1.6, 1.8, and 2.0 with conventional illumination and annular illumination.  
Conventional illumination (NA of 0.70 and σ of 0.85) and two annular illuminations (NA of 
0.70, outer σ of 0.85, inner σ of 0.40 as well as outer σ of 0.75, inner σ of 0.35) are used.  
The dense line feature has both positive and negative sizing of 1 nm to 5 nm.  It is seen that 
in all the aerial images (Figs. 6.16 to 6.20), lower minimum intensities and higher maximum 
intensities are observed for annular illumination of outer σ of 0.85 compared to the 
conventional illumination.  This is because with annular illumination, the amount of zeroth 
order diffraction spectrum is reduced.  This reduction in the zeroth order diffraction 
decreases Imin.  As Imin decreases,  
d
dx
I  increases compared to conventional illumination, 
which has a high amount of zeroth order diffraction spectrum relative to the higher order 
diffraction spectrum.  Hence, using annular illumination decreases the MEEF values. 
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The higher MEEF value of annular illumination at duty ratio of 1.8 is observed in Fig 
6.19.  This is due to the forbidden pitch effect [37].  As explained in Ref. 37, depending on 
the phase of the field produced by the neighboring features, the main feature exposure 
latitude can be improved by constructive light field interference, or degraded by destructive 
light field interference.  Under certain illuminating conditions there are some pitch regions 
within which the exposure latitudes of the dense feature become very small, even smaller 
than that of the isolated feature.  Such pitch regions are referred to as forbidden pitch regions, 
which are caused by destructive interaction between the main feature and the side features 
under those illuminating conditions. 
  Figures 6.21 to 6.25 show the respective enlargement of the zone A to E shown in 
Figures 6.16 to 6.20 with the line both positive and negative sized by 5 nm indicated in 
dotted lines.  As shown in Figs 6.21 to 6.23, for duty ratios 1.2 to 1.6, the intensity of the 
conventional illumination is lower than the annular illumination at a given CD.  However, as 
shown in Figs 6.25 to 6.26, for duty ratios 1.8 to 2.0, the intensity of the conventional 
illumination is higher than annular illumination at a given CD.  The sudden change in the 
intensity from duty ratio of 1.6 to 1.8 increases the MEEF at duty ratio of 1.8. 
As a comparison with the 120 nm dense line feature, 100 nm dense line feature using 
similarly conditions with 120 nm dense line feature is carried out.  Figure 6.26 shows the 
experimental through pitch MEEF plot for 100 nm dense line with conventional and annular 
illuminations.  Similar to the results obtained for 120 nm dense feature in Fig. 6.15, MEEF 
values are decreased using annular illumination compared to conventional illumination.  The 
maximum MEEF value of 5.5 for conventional illumination and maximum MEEF value of 
3.6 for annular illumination, both at duty ratio of 1.4 are obtained.  The high MEEF value are 
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obtained because even with the use of attenuated PSM and off axis illumination, it is difficult 
to print 100 nm with duty ratio less than 2.0 using 248 nm wavelength.  At the duty ratio of 
2.0, MEEF value has not attained unity. 
Figure 6.27 shows a through pitch MEEF plot for 120 nm lines using annular 
illuminations (outer σ of 0.85 and inner σ of 0.40, outer σ of 0.70 and inner σ of 0.35) and 
both having the same NA of 0.70.  The maximum MEEF value using larger σ of 0.85 annular 
illumination is 2.5, while the maximum MEEF value using σ of 0.70 is 2.6 at duty ratio of 
1.2.  It is seen that both graphs behave similarly and have close MEEF values.   
Similar experimental results for 100nm lines are shown in Fig. 6.28.  The maximum 
MEEF value using larger σ of 0.85 annular illumination is 3.6, while the maximum MEEF 
value using σ of 0.70 is 3.7 at duty ratio of 1.4.  It is seen that higher σ will lower the MEEF 
values.  Comparing the observation made in Fig. 6.27, the improvement in deceasing MEEF 
values by use of higher σ on annular illumination as shown in Eq. (3.29) is more significant 




6.3 Effect of Assist Feature on MEEF 
Focus-Exposure Matrix is carried out as described in Section 4.4, and the Bossung 
plots are obtained.  Figure 6.29 shows the simulated intensity plot of 120 nm isolated line 
with assist feature of bar 40 nm, 60 nm and 80 nm, each with biasing range from -5 nm to 5 
nm at 1 nm interval, and placement of 240 nm using conventional illumination.  It is seen 
that at the threshold intensity level of 0.3, all the assist features are merged with the primary 
feature.    Figure 6.30 shows the simulated intensity plot of 120 nm isolated line with assist 
feature of bar 40 nm, 60 nm and 80 nm, each with biasing range from -5 nm to 5 nm at 1 nm 
interval, and placement of 240 nm using annular illumination.  Similar to the results shown in 
Fig 6.29, it is seen that at the threshold intensity level of 0.3, all the assist features are merged 
with the primary feature.  Hence the line pattern for primary feature with 120 nm spacing is 
not obtainable experimentally with the use of both conventional and annular illumination.  In 
addition, the difference in the 11 graphs in both Fig 6.29 and Fig 6.30, with biasing from -
5nm to 5nm for each bar size, cannot be visually distinguished, hence no conclusion can be 
drawn.   
Examples of the Bossung plots for isolated 120 nm line with no assist feature, 40 nm 
assist feature, 60 nm assist feature and 80 nm assist feature, all placed 240 nm away from the 
primary feature are shown in Appendix I.  Figure 6.31 shows the process windows for no 
assist feature, 40 nm assist feature, 60 nm assist feature and 80 nm assist feature with 
placement of 240 nm.  The process windows are increased with assist feature compared to no 
assist feature.  However, the process windows margin size is relatively independent of the 




6.3.1 Effect of Off Axis illumination 
Figure 6.32 shows a linearity plot obtained for 120 nm isolated line feature with assist 
feature of 40 nm bar width and 240 nm placement spacing similar to Fig. 6.1.  Conventional 
illumination (NA of 0.70 and σ of 0.85) and annular illumination (NA of 0.70. outer σ of 
0.85 and inner σ of 0.40) are used. Polynomial curve fitting using Eq. (B.24) is applied to the 
linearity plot.  All the points fitted closely to the polynomial curve.  The constants a, b, c, and 
d in Eq. (B.25) are obtained and the MEEF values are computed using Eq. (B.24). 
The MEEF values obtained are plotted against CDM′ and shown in Fig.6.33. Figure 
6.33 shows a MEEF plot for 120 nm isolated line feature with and without assist feature 
using both conventional and annular illuminations.  A smooth polynomial trend lines are 
obtained for both conditions using the polynomial curve fitting technique.   The respective 
maximum MEEF values for conventional and annular illuminations with assist feature at CD 
of 100 nm are 2.5 and 2.2.  The respective maximum MEEF values for conventional and 
annular illuminations without assist feature at CD of 100 nm are 2.0 and 1.9.  For CD greater 
than 120 nm, assist feature decreases the MEEF values for both conventional and annular 
illuminations.  This is because the target CD is at 120 nm, i.e. the resolution is at 120 nm, CD 
less than 120 nm will not be printed accurately.  The MEEF values for isolated line with 
assist feature are decreased using annular illumination compared to conventional 
illumination.  The amount of decreased in values are similar to the decrease in MEEF values 
for isolated line without assist feature using annular illumination compared to conventional 
illumination.  This shows that using annular illumination the decrease in MEEF values has 
the same magnitude irregardless of the presence of assist feature compared to conventional 
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illumination.  However, assist feature is able to decrease the MEEF value further for CD 
above the resolution limit.    
 
6.3.2 Effect of Assist Feature Width 
To study the effect of assist feature width on MEEF, MEEF plot for 120 nm isolated 
line with assist feature with varying assist feature bar width of 40 nm, 60 nm and 80 nm with 
placement at 180 nm is shown in Fig 6.34.  Annular illumination (NA of 0.70, outer σ of 0.85 
and inner σ of 0.40) is used.   It is seen that the maximum MEEF values using assist feature 
of 80 nm bar is the lowest at 2.3 and the MEEF values approach unity at a lower CD of 120 
nm compared to the other graphs.  This is because the optimum size is about 60 nm to 80 nm, 
which is independent of the primary feature size and is dependent on the λ and NA [15].   It 
is also seen that the results using assist feature of bar width 40 nm and 60 nm are similar. 
This is because although the CD on the mask is magnified by 4, there is also a resolution 
limit in writing the CD on the mask itself, hence the CD of 40 nm and 60 nm is beyond the 
resolution limit.   
For comparison, similar experiment is performed but a larger placement of 240 nm of 
the assist feature bar is used.   The MEEF plot obtained is shown in Fig. 6.36.   It is seen that 
the maximum MEEF values using assist feature of 40 nm bar is the lowest at 2.2, follow 
closely by maximum MEEF values using assist feature of 60 nm and 80 nm bar at 2.3.  The 
MEEF values using assist feature of 80 nm bar approach unity at a lower CD of 130 nm 
compared to the other graphs. It is also seen that the results using assist feature of bar width 




6.3.3 Effect of Assist Feature Placement 
Figure 6.36 shows MEEF plot for 120 nm isolated line using annular illumination 
with assist feature with 60 nm bar width and varying placement at 180 nm and 240 nm.  It is 
seen that the respective maximum MEEF values with assist feature placement at 180 nm and 
240 nm at CD of 100 nm are 2.5 and 2.3.  However, the MEEF values with assist feature 
(smaller placement at 180 nm) are lower at CD greater than 120 nm.  This is because the 
targeted CD and the resolution are 120 nm.  
A similar MEEF plot as shown in Fig. 6.36 is obtained but a larger assist feature bar 
width of 80 nm is used and the plot is shown in Fig. 6.37.  It is seen that both the maximum 
MEEF values with assist feature placement at 180 nm and 240 nm are 2.3 at CD of 100 nm.  
However, the MEEF values with assist feature (smaller placement at 180 nm) are slightly 
lower at CD greater than 120 nm.  This is because the targeted CD and the resolution are 120 
nm. 
Comparison of the experimental and simulation results obtained using annular 
illumination is shown in Fig. 6.38.  MEEF values for simulation resist, aerial image CD and 
experimental results for assist feature placement of 180 nm and 240 nm are shown against 
the bar width of 40 nm, 60 nm and 80 nm.  It is seen that the simulation resists results do not 
match the experimental result.  This is because the resist parameters and the process 
parameters used are still not optimised to match the experimental results.  The MEEF values 
obtained from simulation aerial image CD results with the assist feature placement of 180 nm 
are more closely matched with the experimental results compared to the assist feature 
placement of 240 nm.  This is because the annular illumination condition used is optimised 




6.4. Transmission Error Factor 
The aerial CD for dense line feature of duty ratio 1.5 plotted against transmission 
using conventional illumination (NA of 0.70 and σ of 0.85) is shown in Fig. 6.40.  The 




∂  ∂   for each graph increases as the targeted CD decreases.  The gradients 
obtained in Fig. 6.40 are used in Eq. (3.15) to determine the kt value expressed in Eq. (3.37) . 
 
6.4.1. Isolated Line Feature 
 
The kt value obtained in Fig. 6.39 is plotted against target CD for isolated line with 1 
assist feature using conventional and annular illuminations with respective (σ of 0.85, outer σ 
of 0.85 and inner σ of 0.40), and the same NA of 0.70 as shown in Fig. 6.40.  Assist feature 
with bar width of 60 nm are placed at distance of 120 nm away from the primary feature.  It 
is seen that as the targeted CD decreases, the kt values increases for both conventional and 
annular illumination.  However, there is only a slight difference between the conventional 
illumination and annular illumination.  At 100 nm, the kt value is 0.29, the kt value for 
annular illumination is 0.26.   
To study the effect with 2 assist features, similar plot for isolated line with 2 assist 
features is shown in Fig. 6.41.  Similar to the result with 1 assist feature as shown in Fig 6.40, 
it is seen that as the targeted CD decreases, the kt values increases for both conventional and 
annular illumination.  However, there is not much difference between the conventional 
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illumination and annular illumination.  At 100 nm, the kt value for both conventional and 
annular illuminations is 0.3.    
 
6.4.2. Dense Line Feature 
Figure 6.42 shows a plot of kt against the decreasing targeted CD for simulation 
results of resist and aerial image CD using conventional and annular illuminations.  For the 
annular illumination, NA of 0.70 and outer σ of 0.85 and inner σ of 0.40 are used.  It is seen 
that as the targeted CD decreases, the kt value increases for both conventional and annular 
illumination.  The simulation resist results show that as the targeted CD decreases from 130 
nm to 100 nm, the difference between the conventional illumination and annular illumination 
increases.  At 100 nm, the kt value for conventional illumination is 0.37, the kt value for 
annular illumination is 0.27.  The simulation aerial results show that at the 100 nm, the 
respective kt values for conventional and annular illuminations are 0.28 and 0.21.  Similar to 
the simulation resist results, aerial results also show that as the targeted CD decreases from 
130 nm to 100 nm, the difference between the conventional illumination and annular 
illumination increases.  
If transmission error occurs and is reduced by 1% from 6%, the computed change in 
CD, using Eq. 3.33, from a targeted CD of 100 nm (kt value of 0.37 obtained from Fig.6.42) 
is 6 nm.  Hence the 1% transmission error will result in a 6% CD error.   
Figures 6.43 to 6.45 show the respective aerial image of 100 nm dense line, 100 nm 
isolated line with 1 assist feature and 100 nm isolated line with 2 assist features for both 
conventional and annular illumination.  Figures 6.46 to 6.48 show the enlargement of Zone F 
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to H in Figs. 6.43 to 6.45.  The d
dx
I  values form Figs 6.46 to 6.48 are computed and 
illustrated in Table 6.1.  As shown in Table 6.1, the difference in the kt values between the 
different illuminations used is related to its d
dx




 value obtained for dense line is 0.0030 using annular illumination, while as the 
highest d
dx
I  for isolated line is 0.0045.  For all the lines, annular illumination gives higher 
d
dx
I  and thus the lower MEEF values.  This is seen from the simulation MEEF plot shown in 
Figs. 6.43 to 6.45.  The large difference in kt values for dense line is due to the relatively 
large difference in d
dx
I  values of 0.0006 between the conventional and annular illuminations.  
Table 6.1 shows that d
dx
I
 for isolated line with 1 and 2 assist features are an order difference 
from dense line.  This is because the resolution enhancement technique of phase shifting and 
the illumination conditions, such as the wavelength, numerical aperture, and σ, used for the 
simulation are optimized for printing dense line.  Hence, the contrast for the dense line 
feature is better compared to isolated line.  As the contrast improved, d
dx
I
 also increases.  It is 
also seen that the same kt values are obtained for isolated line with 1 and 2 assist features 
because of the relative small difference in d
dx
I  values of 0.0004.  Figure 6.40 shows that the 
kt values for annular illumination are slightly lower than that of conventional illumination 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Illumination Conventional Annular 
Dense line 0.0024 0.0030 
Isolated line with 1 assist feature 0.041 0.045 
Isolated line with 2 assist feature 0.040 0.044 
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Table 6.2  Difference between experimental and simulation result shown in Fig 6.2 
CDM' (nm) 6% PSM 18% PSM BIM 
90 -0.2 0.7   
100 0.2 -0.8 1.5 
110 -0.3 -0.6 0.3 
120 0.1 -0.4 0.0 
130 0.2 0.4 0.2 
140 -0.2 0.1 -0.1 
150 0.1 -0.2 0.3 
160 0.1 0.0 0.9 
170 -0.1 -0.7 -0.9 
180 0.0 -1.1 0.0 
190    0.1 
200     -0.2 




Table 6.3  Difference between experimental and simulation result shown in Fig 6.3 
CDM' (nm) 6% PSM 18% PSM BIM 
90 -0.1 0.4   
100 0.5 -0.5 2.0 
110 0.0 -0.4 0.7 
120 -0.1 -0.2 0.3 
130 0.1 0.0 0.3 
140 -0.1 0.1 0.0 
150 0.0 -0.3 -0.1 
160 -0.2 0.1 -0.1 
170 -0.2 -0.1 -0.1 
180 0.1 0.2 -0.2 
190 -0.1   0.0 
200 0.1   -0.1 




Table 6.4  Percentage difference with σ = 0.75 and 0.85 results shown in Fig 6.8 
6% PSM CDM' 
(nm) Simulation Experiment
90 2% 4% 
100 -2% 3% 
110 -3% -15% 
120 -6% -21% 
130 -5% 36% 
140 -6% -5% 
150 -6% -24% 
160 -5% 19% 
170 -5% 14% 
180 -6% -6% 
190   -6% 
200   -1% 
210   28% 
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Table 6.5  Difference with conventional and annular illumination results shown in Fig 6.9 
BIM CDM' 
(nm) Simulation Experiment
90   -26% 
100   13% 
110 2% -18% 
120 -2% -19% 
130 -4% -6% 
140 -4% -5% 
150 -5% 40% 
160 -4% 444% 
170 -2% -41% 
180 0% 20% 
190 2% 13% 
200 5% -6% 




CONCLUSIONS AND RECOMMENDATIONS 
 
7.1. Conclusions 
The advancement of microlithography technology requires ever decreasing line and 
smaller line width to be printed onto wafers.  Photomask defects namely CD error and 
transmission error in the case of attenuated phase shifting mask will influence the final CD 
on patterned wafers.  In order to improve the photolithography process, MEEF, which is 
caused by image degradation, must be kept as low as possible, preferably at unity. 
The MEEF plot, which derives from the linearity plot, is able to display the non linear 
relationship between the printed and desired CD more effectively.  Non-linear relationship is 
observed beyond the resolution limit because the quality of the image formed degrades and 
leads to enhancement error.   
The experimental results for 6% attenuated PSM and binary mask agree closely with 
the simulation results.  The difference between the experimental results and the simulation 
results obtained for 18% transmittance mask is due to the immaturity of the higher 
transmission attenuated transmittance mask at the time of the study.  The simulation results 
show that for each CDM’ value, binary mask has the highest MEEF, followed by 6% 
attenuated PSM and lastly by 18% attenuated PSM.  Hence Eq. (3.26) and Eq. (3.27) can be 
used for estimating the MEEF value from the intensity plot. 
For the study of the effect of off axis illumination on MEEF, experimental results 
agree closely with the simulation results showing that MEEF values decrease with higher σ.  
Hence Eq. (3.28) can be used to estimate the MEEF value for  higher σ.  For binary mask the 
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experimental results fit the simulation results for both conventional and annular illuminations 
for CD within the resolution limits.  For 6% attenuated PSM , the experimental results agree 
well with the simulation results.  Measurement error accounts for the difference in the results 
obtained.  Annular illumination has slightly lower MEEF values compared to conventional 
illumination as given by Eq. (3.29).  However, at larger σ of 0.85 partial coherency, the 
MEEF values obtained for conventional illumination and off-axis annular illumination are 
almost similar.  
For dense line feature, annular illumination decreases the MEEF values.  Thus Eq. 
(3.12) can be used for MEEF estimation for dense line feature.  It is difficult to print 100 nm 
with duty ratio less than 2.0 using 248 nm wavelength.  At the duty ratio of 2.0, MEEF value 
has not attained unity.  The improvement in deceasing MEEF values by use of higher σ on 
annular illumination is more significant on 100 nm dense line feature compared to 120 nm 
dense line feature.   
As errors in experiment are unavoidable, curve fitting done on the linearity plot will 
result in a curve smoothing MEEF plot.  Using such techniques, MEEF is obtained for 
isolated line with assist features.  Larger placement of the assist feature will lower MEEF but 
it may be at the expense of other process windows such as DOF and EL. By having optimum 
assist feature size and placement, MEEF can be reduced. 
With shrinking CD, emphasis should also be placed on the transmission error of the 
attenuated PSM.  A way to characterise the measurement is by using kt value.  kt value could 
be used as a measurement of how transmission error will influence the wafer CD. 
Although it is acceptable to have low MEEF for photolithography process, other 
qualities, such as process windows and image quality, should also be taken into 
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consideration.  The image obtained should have a large DOF and the line edge roughness 
should be kept to a minimum.  With the introduction of other RETs for the shrinking CD, 
having a low MEEF has become one of the criteria for determining its performance. 
 
7.2. Recommendations 
Polynomial curve fitting trend line should be used on linearity plot to determine 
MEEF as a smooth polynomial MEEF trend lines plot can be obtained.  Such a plot is also 
easier as the measurement errors are filtered out. 
Most of the experimental results agree well with the simulation results and the 
proposed theory.  Thus, equation (3.26) can be used for the aerial image simulations to 
determine the estimated MEEF value for a new process given the MEEF value of the present 
process.   Faster simulation works can be used to find out the MEEF value without the hassle 
of performing experimental measurements. 
As MEEF is dependent on the image quality, it is better to have the resolution limit of 
the imaging system at a smaller CD than the targeted CD.  If a 120 nm CD is desired, it is 
better to target the resolution at a slightly lower CD such as 110 nm or 100 nm in order to 
have lower MEEF value.  Binary mask should not be used with 248 nm wavelength source to 
pattern CD lower than 140 nm even with off axis illumination if low MEEF values are 
desired.  The 6% attenuated PSM mask is a mature mask as its experimental results match its 
simulation results.  The use of higher attenuated PSM mask will lower the MEEF values, a 
further study is recommended when the technology has matured.  
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The use of resolution enhancement techniques improves the image quality by 
decreasing the Imin and increasing the Imax, such that 
d
dx
I  is increased, thus resolution 
enhancement techniques should be used to reduce MEEF values. 
The constant kt value can be used to study the effect of transmission error on the CD.  
As the targeted CD decreases, the kt value increases for both conventional and annular 
illuminations.  Hence, the specification for the mask transmission should be tighter for 
smaller CD.  More detail study should be conducted to study the effect with the use of higher 
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The generic projection system has shown in Fig. 1.2, which consists of an excimer 
laser source, a condenser lens, the reticle, an aperture, an objective lens and wafer substrate.  
The combination of the light source and the condenser lens is known as the illumination 
system.  Light passes through the opening exposed by the reflective material of the 
photomask and diffracts into its spectral characteristics.  The reflective material used on 
binary mask (BIM) is chrome.  The objective lens collects the diffraction patterns and 
projects the resultant image onto the wafer and the image is captured on the photoresist layer.   
There are two types of photoresist; positive and negative.  For positive photoresist, 
the exposed region will be developed and etched away while the unexposed region are 
protected during the etching process resulting in a pattern that resembles that of the design 
circuit pattern.  Where as for negative photoresist, the unexposed region will be developed 
and etched away. 
 
B.1. Profile Formation 
The exposure energy E(x) is the product of the light intensity I(x) on the wafer and 
the exposure time t [39]. 
E(x) = I(x)*t                   (B.1) 
Let the thickness T(x) of photoresist that remains after development be determined by the 
exposure energy E(x). 
T(x) = TE(E) = TE(E(x))                 (B.2) 
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where TE is the thickness of photoresist that remains after exposure.  The assumption is valid 
for thin photoresist.  To simplify the discussion,  
TE(E) = T0 γ ln 0
E
E
                      (B.3) 
where γ is the “contrast” of the resist. 
Eo = E(xo)                   (B.4) 
The change in the resist thickness with respect to the displacement, dT
dx





=                    (B.5) 





is a characteristic of the photoresist and development process, independent of the exposure 
tool and can be obtained by differentiation of  a curve such as the one shown in Fig. B.1. 
While the second term, 
dx
dE  , is determined by the optics of the exposure system.    
 
B.2. Image Formation 
Let the transmittance of the mask pattern be m(x, y), where the mask lies in the x, y-
plane as shown in Fig. B.2.  m(x, y) has in general both magnitude and phase [40].  For a 
simple chrome-on-glass (COG) mask, m(x, y) is 1 under the glass and 0 under the chrome.  
As the mask pattern is binary, COG is also known as binary mask BIM.  Let x′, y′ plane be 
the diffraction plane located at the entrance to the objective lens and let z be the distance 
from the mask to the objective lens.  For simplicity, it is assumed that monochromatic light 
of wavelength λ is used and the entire system operates in air and hence the index of refraction 
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is considered unity.  The electric field of the diffraction pattern, E(x′, y′), is given by 
Fraunhofer diffraction integral or a simple Fourier transform: 
( ', ') ( , ) exp[ 2 ( )]x yE x y m x y i f x f y dx dyπ
∞ ∞
−∞ −∞
= − +∫ ∫               (B.6) 
where λz
xf x
'=  and λz
yf y
'=  are the spatial frequencies of the diffraction pattern. 
As shown in Fig. B.2, the isolated space will result in a sinc function diffraction 
pattern (Fig. B.2 (a)) and a discrete diffraction from the equal lines and spaces (Fig. B.2 (b)).  
For equal lines and spaces, the zeroth order passes through the mask directly.  It is also 
termed the “DC” light that provides the power, but it contains no information as to the size of 
the features.  Size information is found in the higher order terms.  The spatial frequency of 
the Fourier transform is simply a scaled x′ coordinate.  The first order diffraction occurs at 
the spatial frequencies of ±
p
1 where p is the pitch of the pattern.   
The electric field M as it enters the objective lens is given by 
M(fx, fy) =  Ғ{m(x, y)}                  (B.7) 
 
where Ғ represents the Fourier transform and fx and fy are the spatial frequencies and are 
simply the scaled coordinates in the x′-y′ plane.    
Only a portion of the mask diffraction pattern, which falls inside the circularly 
symmetric aperture of the objective lens, forms the image.  As shown in Fig. B.3 the size of 
the lens aperture can be defined by the sine function of the diffracted half-angle multiple by 
the index of the refraction of the surrounding medium.  The numerical aperture (NA) is  
NA = sin α                   (B.8) 
The spatial frequency (f) is given by 
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sin NAf αλ λ= =                   (B.9) 
A larger NA enables a larger portion of the diffracted light to be captured by the objective 
lens. 
Let the pupil function of an ideal objective lens be P.  The function equals unity for 














 + <=  + >
              (B.10) 
Taking into account the pupil function, the electric field at the image plane can be expressed 
as: 
E(x, y) =  Ғ-1{ M(fx, fy) P(fx, fy)}              (B.11) 
The aerial image is defined as the intensity distribution at the wafer and is simply the 
square of the magnitude of the electric field. 
I(x, y) = |E(x, y )|2                 (B.12) 
Equation (B.11) is used to describe the electric field for a normal incident coherent 
illumination source, hence the diffraction is centered at the entrance of the objective lens.  If 
the direction of the illumination is at some angle θ′, it would cause a shift (by sin 'λ
θ  in the 
spatial frequency) in the diffraction pattern.  Let fx′ and fy′ be the shift in the spatial frequency 
due to a change in the illumination angle, 
E(x, y, fx′, fy′) =  Ғ-1{ M(fx- fx′, fy- fy′) P(fx, fy)}             (B.13) 
 
 Equation (B.13) describes the electric field for an angular incident illumination.  
Intensity is square of the amplitude of the electric field, and is given in Eq. (B.14). 
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I(x, y, fx′, fy′) =| E(x, y, fx′, fy′)|2               (B.14) 
   
B.3. Partial Coherency 
For a point source illumination along the optical axis, the wave fronts are correlated, 
hence the ability to interfere completely.  If the illumination of the mask is composed of light 
from a range of angles, the illumination is termed partial coherent illumination.  Partial 
coherence will result in broadened diffraction orders.  For an off axis illumination as shown 
in Fig. B.5, the resultant diffraction spectrum frequency is shifted; hence the image formation 
is displaced.  A finite collection of the off-axis point sources is termed partial coherent 
illumination [40- 42].  The partial coherent, σ, is conventionally defined as the ratio of the 
effective source size to the full objective aperture size or the ratio of the condenser lens NA 
to the objective lens NA.  Hence, as seen in Fig. B.5, for a point source, σ is 0 as the 
illumination is total by coherent.  When the illumination on the objective lens is the same as 
on the condenser lens, σ is 1.  When the illumination on the objective lens is the twice the 





σ =                 (B.15) 
In lithography projection, σ ranges from 0.3 to 0.9.  Values below 0.3 will suffer the effect of 
coherent inference.  Partial coherence can be thought of as taking the incoherent sum of 
coherent images.  Each point on the finite illumination source produces a coherent 
Fraunhofer diffraction pattern described by the Fourier method.  Off axis points shift the 
diffraction pattern, hence the resulting diffraction pattern is the summation of such individual 
distributions.  From the spread of the diffraction orders about the discrete coherent 
frequencies an image degraded relative to a superior image from a coherent illumination, is 
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formed.  In lithography, when the lens collection of diffraction order is limited to the zeroth 
order, partial coherent illumination is preferred.  Information from partial coherent 
illumination of the first diffraction order information is captured by the lens, hence the ability 
to produce an image.  Optimum σ can be determined by varying the feature size, λ and NA. 
 
B.4. Attenuated PSM 
 Figure B.6 shows an example of an ideal 6% transmission attenuating PSM and its 
electro-magnetic field for illustration.  Phase shifting in a material is dependent on the film’s 




πφ                 (B.16) 




λ= −                     (B.17) 
and the transmission (T) is given by  
teT α−=                  (B.18) 
α
)ln(Tt −=                  (B.19) 
where α is the film absorption and is related to the film extinction coefficient (k) as follows 
λ
πα k4=
                 (B.20) 
From Eq. (B.17), Eq. (B.18) and Eq. (B.20), the extinction coefficient (k) is given by 




                (B.21) 
 
In reality, the thickness of the material deposited onto the quartz surface will not be uniform; 









                 (B.23) 
As an example, a typical attenuated phase shifting material such as Molybdenum Silicide 
(MoSi) with a refractive index of 2.09 and extinction coefficient of 0.4881 and for a 180° 
phase shift the transmission calculated using Eq. (B.18) is less than 6%.  Using Eq. (B.17) 
and a 6% transmission the thickness computed using Eq. (B.19) is 5.76 nm.  Hence from Eq. 
(B.23) the change in transmission due a unit change in  dt
dT
 is 0.0015 or 0.15%.  An 
increment of 1 nm in the desired thickness would result in a transmission change of 0.15%. 
 
B.5. MEEF Using Curve Fitting approach 
As the actual error in experiment is usually smaller than that observed, curve fitting 
of graph CDW against CDM′, as shown in Fig. B.7 can be carried out using the polynomial 






bay +++=                 (B.24) 
 Appendix B 
158 
As previously defined in Eq. 3.2, MEEF is the derivative of the curve obtained when a graph 
of CDW against CDM′ is plotted and by taking the derivative of Eq. B.23, MEEF can be 











∂≈               (B.25) 
The constants a, b, c and d in Eq. B.25 are obtained using a curve fitting software called 
Sigmaplot.   
 

























Fig. B. 1  Characteristic curve for photoresist 
 
 Appendix B 
160 
 











(a) An isolated space 
 
(b) An array of equal lines and spaces
 



















 Objective Lens 
 
α 
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(a) Conventional illumination 
 
(b) Off axis illumination  
 
m = 0 
m = +1 m = -1 
m = -1 
m = 0 














Fig. B.4  Projection system for on and off axis illuminations 
 




Fig. B.5  Various degree of coherency 
σ = 0 σ = 1 σ = 0.5 
Objective lens NA Condenser lens NA 
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100% 6% 































































































































































MEEF STRUCTURE FOR ISOLATED, SEMI-DENSE AND 
DENSE LINE 
The size of the reticle is 24000.00 in the x direction and 28996.00 in the y-direction. 
The structure is located, with reference from the bottom left of the reticle as (0.00,0.00) , in 
the region (10115.00, 8060.00) as the bottom left of coordinate of the structure block and 
(10289.00, 12024.00) as the right top of the structure block. 
 
The structure enables dense line of duty ratio 1.2, 1.4, 1.6, 1.8 and 2.0 to be 
measured.  It is similar to L-bar to enable measurement in both the horizontal and vertical 
directions.  The primary structure line width is biased positively as well as negatively in the 
order of 5 nm and 10 nm while keeping the pitch constant.  MEEF for Isolated line and Semi-
Isolated Line can also be measured as the center line as well as the outer side line are 
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The structure Fig. D.2 shows the 2 cell, cell A and cell B. Cell A is without OPC 
while Cell B have OPC added.  Within each cell, there are 5 blocks. Each block of structures 

















Figure D.2 Location of the Block with the corresponding duty ratio as shown 
 
The line width of the primary structure is incremented in the step of 10 nm from 70 
nm to 160 nm.  After which, its width is 180 nm, and 250 nm.  As MEEF is concerned with 
the small change in the line width of the mask and its impact on wafer printing, MEEF can be 
calculated by taking the gradient of the curve of the graph measured CD vs. mask biased at 







































Figure D.3 Primary structure Line Width and its corresponding biasing 
The layout of each of the 5 blocks is shown in Fig. D. 3.  The 70 nm line width is labelled as 
row A and the line without bias is located in column 3.  Column 1,2,4 and 5 had the central 














QBASIC SCRIPTS FOR MASK PATTERN GENERATION 




'INPUT "Enter Target Linewidth:", Target 
'INPUT "Enter spacing of Scattering Bar:", Spacing 
'INPUT "Enter Scattering Bar width:", Size 
'^^^^^^^^^^^^^^^^^^^^^^^^^^^^^Disabled^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^ 
 




Target!(1) = 60 
Target!(2) = 70 
Target!(3) = 80 
Target!(4) = 90 
Target!(5) = 100 
Target!(6) = 110 
Target!(7) = 120 
Target!(8) = 130 
Target!(9) = 140 
Target!(10) = 150 
Target!(11) = 160 
Target!(12) = 170 
Target!(13) = 180 
 
DutyRatio! = 2! 
 
 
FOR i = 1 TO 13 
                
                FOR k = 1 TO 11 
        
                a = k - 6 
                Space! = DutyRatio! * Target!(i) 
                
                CHDIR "H:\" 
           
                IF Target!(i) = 60 THEN 
                CHDIR "H:\Prolith\Output6\60" 
                
                ELSEIF Target!(i) = 70 THEN 
                CHDIR "H:\Prolith\Output6\70" 
                
                ELSEIF Target!(i) = 80 THEN 
                CHDIR "H:\Prolith\Output6\80" 
                
                ELSEIF Target!(i) = 90 THEN 
                CHDIR "H:\Prolith\Output6\90" 
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                ELSEIF Target!(i) = 100 THEN 
                CHDIR "H:\Prolith\Output6\100" 
                
                ELSEIF Target!(i) = 110 THEN 
                CHDIR "H:\Prolith\Output6\110" 
              
                ELSEIF Target!(i) = 120 THEN 
                CHDIR "H:\Prolith\Output6\120" 
 
                ELSEIF Target!(i) = 130 THEN 
                CHDIR "H:\Prolith\Output6\130" 
               
                ELSEIF Target!(i) = 140 THEN 
                CHDIR "H:\Prolith\Output6\140" 
               
                ELSEIF Target!(i) = 150 THEN 
                CHDIR "H:\Prolith\Output6\150" 
               
                ELSEIF Target!(i) = 160 THEN 
                CHDIR "H:\Prolith\Output6\160" 
                
                ELSEIF Target!(i) = 170 THEN 
                CHDIR "H:\Prolith\Output6\170" 
                
                ELSEIF Target!(i) = 180 THEN 
                CHDIR "H:\Prolith\Output6\180" 
               
                ELSE PRINT "error1" 
                END IF 
               
                
                IF a = -5 THEN 
                        CHDIR "-5" 
                ELSEIF a = -4 THEN 
                        CHDIR "-4" 
                ELSEIF a = -3 THEN 
                        CHDIR "-3" 
                ELSEIF a = -2 THEN 
                        CHDIR "-2" 
                ELSEIF a = -1 THEN 
                        CHDIR "-1" 
                ELSEIF a = 0 THEN 
                        CHDIR "0" 
                ELSEIF a = 1 THEN 
                        CHDIR "1" 
                ELSEIF a = 2 THEN 
                        CHDIR "2" 
                ELSEIF a = 3 THEN 
                        CHDIR "3" 
                ELSEIF a = 4 THEN 
                        CHDIR "4" 
                ELSEIF a = 5 THEN 
                        CHDIR "5" 
                ELSE PRINT "error2" 
                END IF 




                Ptarget = (Target!(i) + a) / 2 
                Ntarget = -((Target!(i) + a) / 2) 
                
                RAF1A = (Target!(i) + a) / 2 + Space! 
                RAF1B = (Target!(i) + a) / 2 + Space! + Target!(i) 
                RAF2A = (Target!(i) + a) / 2 + 2 * Space! + Target!(i) 
                RAF2B = (Target!(i) + a) / 2 + 2 * Space! + 2 * Target!(i) 
                
                LAF1A = -((Target!(i) + a) / 2 + Space!) 
                LAF1B = -((Target!(i) + a) / 2 + Space! + Target!(i)) 
                LAF2A = -((Target!(i) + a) / 2 + 2 * Space! + Target!(i)) 
                LAF2B = -((Target!(i) + a) / 2 + 2 * Space! + 2 * Target!(i)) 
       
                Transmission = .06 
                
 
                Region = (5 * Target!(i) + 5 * Space!) / 2 
                RegionA = Region 
                RegionB = -(Region) 
                
                dataA11$ = "0" 
                dataA12$ = "0" 
                dataA13$ = "0" 
                dataA14$ = "2000.000000" 
                dataA15! = Ptarget 
                dataA16$ = "-2000.000000" 
                dataA17! = Ntarget 
                dataA18$ = STR$(Transmission) 
                dataA19$ = "0.00" 
        
                dataA21$ = "0" 
                dataA22$ = "0" 
                dataA23$ = "0" 
                dataA24$ = "2000.000000" 
                dataA25! = LAF1A 
                dataA26$ = "-2000.000000" 
                dataA27! = LAF1B 
                dataA28$ = STR$(Transmission) 
                dataA29$ = "0.00" 
                
                dataA31$ = "0" 
                dataA32$ = "0" 
                dataA33$ = "0" 
                dataA34$ = "2000.000000" 
                dataA35! = RAF1A 
                dataA36$ = "-2000.000000" 
                dataA37! = RAF1B 
                dataA38$ = STR$(Transmission) 
                dataA39$ = "0.00" 
                              
                dataA41$ = "0" 
                dataA42$ = "0" 
                dataA43$ = "0" 
                dataA44$ = "2000.000000" 
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                dataA45! = RAF2A 
                dataA46$ = "-2000.000000" 
                dataA47! = RAF2B 
                dataA48$ = STR$(Transmission) 
                dataA49$ = "0.00" 
                             
                dataA51$ = "0" 
                dataA52$ = "0" 
                dataA53$ = "0" 
                dataA54$ = "2000.000000" 
                dataA55! = LAF2A 
                dataA56$ = "-2000.000000" 
                dataA57! = LAF2B 
                dataA58$ = STR$(Transmission) 
                dataA59$ = "0.00" 
                             
 
 
                strA1$ = "[Version]" 
                strA2$ = "6.0" 
                strA3$ = "[Parameters]" 
        
'Mask Filename generating 
                strA4$ = "MaskP20" 
' 
                strA5$ = "2000.000000, 2000.000000,-2000.000000,-2000.000000    ;Mask dimensions 
[top,right,bottom,left] (nm)  " 
                strA6$ = "0.000000," + STR$(RegionA) + ", 0.0000000," + STR$(RegionB) + "   ;Simulation 
region[top,right,bottom, left] (nm)" 
                strA7$ = "1.000                 ;Background intensity transmittance " 
                strA8$ = "180.000                 ;Background phase(degrees) " 
                strA9$ = "5                     ;Number of mask features" 
                strA10$ = "0                     ;Number of cuts " 
                strA11$ = "-1                    ;Active Cut(-1= zSlice) " 
                strA12$ = "0                     ;zSlice offset from bottom of resist (ie, substrate) " 
                strA13$ = "0                     ;Number of [CSE] data points in this file " 
                strA14$ = "0.000                 ;desired shape step size for automatic generation of [CSE] data (nm)" 
                strA15$ = "0                                     " 
                strA16$ = " " 
                strA17$ = "     ;Mask features in this section are defined as: " 
                strA18$ = "     ;[feature_type,layer,group,top,right,bottom,left,transmittance,phase] " 
                strA19$ = "[Data] " 
                strA20$ = " " 
' 
'Input co-ordinates of bars 
' 
                strA21$ = " " 
                strA22$ = "     ;CUTS are no longer used " 
                strA23$ = "[CUTS] " 
                strA24$ = "     ;CSE desired shape points are: number, x (nm), y (nm) " 
                strA25$ = "[CSE] " 
                 
                OPEN "MaskP20.msk" FOR OUTPUT ACCESS WRITE AS #1 
                
                PRINT #1, strA1$ 
                PRINT #1, strA2$ 
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                PRINT #1, strA3$ 
                PRINT #1, strA4$ 
                PRINT #1, strA5$ 
                PRINT #1, strA6$ 
                PRINT #1, strA7$ 
                PRINT #1, strA8$ 
                PRINT #1, strA9$ 
                PRINT #1, strA10$ 
                PRINT #1, strA11$ 
                PRINT #1, strA12$ 
                PRINT #1, strA13$ 
                PRINT #1, strA14$ 
                PRINT #1, strA15$ 
                PRINT #1, strA16$ 
                PRINT #1, strA17$ 
                PRINT #1, strA18$ 
                PRINT #1, strA19$ 
                PRINT #1, strA20$ 
                PRINT #1, dataA11$; ", "; dataA12$; " , "; dataA13$; " , "; dataA14$; " , "; dataA15!; " , "; dataA16$; 
" , "; dataA17!; " , "; dataA18$; " , "; dataA19$ 
 
                PRINT #1, dataA21$; ", "; dataA22$; " , "; dataA23$; " , "; dataA24$; " , "; dataA25!; " , "; dataA26$; 
" , "; dataA27!; " , "; dataA28$; " , "; dataA29$ 
                PRINT #1, dataA31$; ", "; dataA32$; " , "; dataA33$; " , "; dataA34$; " , "; dataA35!; " , "; dataA36$; 
" , "; dataA37!; " , "; dataA38$; " , "; dataA39$ 
                PRINT #1, dataA41$; ", "; dataA42$; " , "; dataA43$; " , "; dataA44$; " , "; dataA45!; " , "; dataA46$; 
" , "; dataA47!; " , "; dataA48$; " , "; dataA49$ 
                PRINT #1, dataA51$; ", "; dataA52$; " , "; dataA53$; " , "; dataA54$; " , "; dataA55!; " , "; dataA56$; 
" , "; dataA57!; " , "; dataA58$; " , "; dataA59$ 
                PRINT #1, strA21$ 
                PRINT #1, strA22$ 
                PRINT #1, strA23$ 
                PRINT #1, strA24$ 
                PRINT #1, strA25$ 
 
                
                CLOSE #1 
 
                CHDIR "H:\Prolith" 
 
                NEXT k 









QBASIC SCRIPT FOR CONTINUOUS EXECUTION OF 
PROLITH  
 




'INPUT "Enter Target Linewidth:", Target 
'INPUT "Enter spacing of Scattering Bar:", Spacing 
'INPUT "Enter Scattering Bar width:", Size 
'^^^^^^^^^^^^^^^^^^^^^^^^^^^^^Disabled^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^ 
 




Target!(1) = 60 
Target!(2) = 70 
Target!(3) = 80 
Target!(4) = 90 
Target!(5) = 100 
Target!(6) = 110 
Target!(7) = 120 
Target!(8) = 130 
Target!(9) = 140 
Target!(10) = 150 
Target!(11) = 160 
Target!(12) = 170 
Target!(13) = 180 
 
DutyRatio! = 2! 
 
 
FOR i = 1 TO 13 
                
                FOR k = 1 TO 11 
        
                a = k - 6 
                Space! = DutyRatio! * Target!(i) 
                
                CHDIR "H:\" 
           
                IF Target!(i) = 60 THEN 
                CHDIR "H:\Prolith\Output6\60" 
                
                ELSEIF Target!(i) = 70 THEN 
                CHDIR "H:\Prolith\Output6\70" 
                
                ELSEIF Target!(i) = 80 THEN 
                CHDIR "H:\Prolith\Output6\80" 
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                ELSEIF Target!(i) = 90 THEN 
                CHDIR "H:\Prolith\Output6\90" 
               
                ELSEIF Target!(i) = 100 THEN 
                CHDIR "H:\Prolith\Output6\100" 
                
                ELSEIF Target!(i) = 110 THEN 
                CHDIR "H:\Prolith\Output6\110" 
              
                ELSEIF Target!(i) = 120 THEN 
                CHDIR "H:\Prolith\Output6\120" 
 
                ELSEIF Target!(i) = 130 THEN 
                CHDIR "H:\Prolith\Output6\130" 
               
                ELSEIF Target!(i) = 140 THEN 
                CHDIR "H:\Prolith\Output6\140" 
               
                ELSEIF Target!(i) = 150 THEN 
                CHDIR "H:\Prolith\Output6\150" 
               
                ELSEIF Target!(i) = 160 THEN 
                CHDIR "H:\Prolith\Output6\160" 
                
                ELSEIF Target!(i) = 170 THEN 
                CHDIR "H:\Prolith\Output6\170" 
                
                ELSEIF Target!(i) = 180 THEN 
                CHDIR "H:\Prolith\Output6\180" 
               
                ELSE PRINT "error1" 
                END IF 
               
                
                IF a = -5 THEN 
                        CHDIR "-5" 
                ELSEIF a = -4 THEN 
                        CHDIR "-4" 
                ELSEIF a = -3 THEN 
                        CHDIR "-3" 
                ELSEIF a = -2 THEN 
                        CHDIR "-2" 
                ELSEIF a = -1 THEN 
                        CHDIR "-1" 
                ELSEIF a = 0 THEN 
                        CHDIR "0" 
                ELSEIF a = 1 THEN 
                        CHDIR "1" 
                ELSEIF a = 2 THEN 
                        CHDIR "2" 
                ELSEIF a = 3 THEN 
                        CHDIR "3" 
                ELSEIF a = 4 THEN 
                        CHDIR "4" 
                ELSEIF a = 5 THEN 
                        CHDIR "5" 
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                ELSE PRINT "error2" 
                END IF 
 
 
                Ptarget = (Target!(i) + a) / 2 
                Ntarget = -((Target!(i) + a) / 2) 
                
                RAF1A = (Target!(i) + a) / 2 + Space! 
                RAF1B = (Target!(i) + a) / 2 + Space! + Target!(i) 
                RAF2A = (Target!(i) + a) / 2 + 2 * Space! + Target!(i) 
                RAF2B = (Target!(i) + a) / 2 + 2 * Space! + 2 * Target!(i) 
                
                LAF1A = -((Target!(i) + a) / 2 + Space!) 
                LAF1B = -((Target!(i) + a) / 2 + Space! + Target!(i)) 
                LAF2A = -((Target!(i) + a) / 2 + 2 * Space! + Target!(i)) 
                LAF2B = -((Target!(i) + a) / 2 + 2 * Space! + 2 * Target!(i)) 
       
                Transmission = .06 
                
 
                Region = (5 * Target!(i) + 5 * Space!) / 2 
                RegionA = Region 
                RegionB = -(Region) 
                
                dataA11$ = "0" 
                dataA12$ = "0" 
                dataA13$ = "0" 
                dataA14$ = "2000.000000" 
                dataA15! = Ptarget 
                dataA16$ = "-2000.000000" 
                dataA17! = Ntarget 
                dataA18$ = STR$(Transmission) 
                dataA19$ = "0.00" 
        
                dataA21$ = "0" 
                dataA22$ = "0" 
                dataA23$ = "0" 
                dataA24$ = "2000.000000" 
                dataA25! = LAF1A 
                dataA26$ = "-2000.000000" 
                dataA27! = LAF1B 
                dataA28$ = STR$(Transmission) 
                dataA29$ = "0.00" 
                
                dataA31$ = "0" 
                dataA32$ = "0" 
                dataA33$ = "0" 
                dataA34$ = "2000.000000" 
                dataA35! = RAF1A 
                dataA36$ = "-2000.000000" 
                dataA37! = RAF1B 
                dataA38$ = STR$(Transmission) 
                dataA39$ = "0.00" 
                              
                dataA41$ = "0" 
                dataA42$ = "0" 
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                dataA43$ = "0" 
                dataA44$ = "2000.000000" 
                dataA45! = RAF2A 
                dataA46$ = "-2000.000000" 
                dataA47! = RAF2B 
                dataA48$ = STR$(Transmission) 
                dataA49$ = "0.00" 
                             
                dataA51$ = "0" 
                dataA52$ = "0" 
                dataA53$ = "0" 
                dataA54$ = "2000.000000" 
                dataA55! = LAF2A 
                dataA56$ = "-2000.000000" 
                dataA57! = LAF2B 
                dataA58$ = STR$(Transmission) 
                dataA59$ = "0.00" 
                             
 
 
                strA1$ = "[Version]" 
                strA2$ = "6.0" 
                strA3$ = "[Parameters]" 
        
'Mask Filename generating 
                strA4$ = "MaskP20" 
' 
                strA5$ = "2000.000000, 2000.000000,-2000.000000,-2000.000000    ;Mask dimensions 
[top,right,bottom,left] (nm)  " 
                strA6$ = "0.000000," + STR$(RegionA) + ", 0.0000000," + STR$(RegionB) + "   ;Simulation 
region[top,right,bottom, left] (nm)" 
                strA7$ = "1.000                 ;Background intensity transmittance " 
                strA8$ = "180.000                 ;Background phase(degrees) " 
                strA9$ = "5                     ;Number of mask features" 
                strA10$ = "0                     ;Number of cuts " 
                strA11$ = "-1                    ;Active Cut(-1= zSlice) " 
                strA12$ = "0                     ;zSlice offset from bottom of resist (ie, substrate) " 
                strA13$ = "0                     ;Number of [CSE] data points in this file " 
                strA14$ = "0.000                 ;desired shape step size for automatic generation of [CSE] data (nm)" 
                strA15$ = "0                                     " 
                strA16$ = " " 
                strA17$ = "     ;Mask features in this section are defined as: " 
                strA18$ = "     ;[feature_type,layer,group,top,right,bottom,left,transmittance,phase] " 
                strA19$ = "[Data] " 
                strA20$ = " " 
' 
'Input co-ordinates of bars 
' 
                strA21$ = " " 
                strA22$ = "     ;CUTS are no longer used " 
                strA23$ = "[CUTS] " 
                strA24$ = "     ;CSE desired shape points are: number, x (nm), y (nm) " 
                strA25$ = "[CSE] " 
                 
                OPEN "MaskP20.msk" FOR OUTPUT ACCESS WRITE AS #1 
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                PRINT #1, strA1$ 
                PRINT #1, strA2$ 
                PRINT #1, strA3$ 
                PRINT #1, strA4$ 
                PRINT #1, strA5$ 
                PRINT #1, strA6$ 
                PRINT #1, strA7$ 
                PRINT #1, strA8$ 
                PRINT #1, strA9$ 
                PRINT #1, strA10$ 
                PRINT #1, strA11$ 
                PRINT #1, strA12$ 
                PRINT #1, strA13$ 
                PRINT #1, strA14$ 
                PRINT #1, strA15$ 
                PRINT #1, strA16$ 
                PRINT #1, strA17$ 
                PRINT #1, strA18$ 
                PRINT #1, strA19$ 
                PRINT #1, strA20$ 
                PRINT #1, dataA11$; ", "; dataA12$; " , "; dataA13$; " , "; dataA14$; " , "; dataA15!; " , "; dataA16$; 
" , "; dataA17!; " , "; dataA18$; " , "; dataA19$ 
 
                PRINT #1, dataA21$; ", "; dataA22$; " , "; dataA23$; " , "; dataA24$; " , "; dataA25!; " , "; dataA26$; 
" , "; dataA27!; " , "; dataA28$; " , "; dataA29$ 
                PRINT #1, dataA31$; ", "; dataA32$; " , "; dataA33$; " , "; dataA34$; " , "; dataA35!; " , "; dataA36$; 
" , "; dataA37!; " , "; dataA38$; " , "; dataA39$ 
                PRINT #1, dataA41$; ", "; dataA42$; " , "; dataA43$; " , "; dataA44$; " , "; dataA45!; " , "; dataA46$; 
" , "; dataA47!; " , "; dataA48$; " , "; dataA49$ 
                PRINT #1, dataA51$; ", "; dataA52$; " , "; dataA53$; " , "; dataA54$; " , "; dataA55!; " , "; dataA56$; 
" , "; dataA57!; " , "; dataA58$; " , "; dataA59$ 
                PRINT #1, strA21$ 
                PRINT #1, strA22$ 
                PRINT #1, strA23$ 
                PRINT #1, strA24$ 
                PRINT #1, strA25$ 
 
                
                CLOSE #1 
                CHDIR "H:\Prolith" 
 
                NEXT k 











SEM IMAGES OF BEST FOCUS 
 
Optimum Illuminating 
Condition Image Mask Type 




Isolated  Line Dense line 
Phase Shift Mask 
(6%) 0.68 0.75 Conventional A 
  
Phase Shift Mask 
(6%) 0.68 0.65 Conventional A 
  
Phase Shift Mask 
(6%) 0.68 0.55 Conventional A 
  
Phase Shift Mask 
(6%) 0.60 0.75 Conventional A 
  
Phase Shift Mask 
(6%) 0.68 0.75 Annular A 
  
Phase Shift Mask 
(6%) 0.64 0.80 Conventional A 
  
Phase Shift Mask 
(6%) 0.68 0.75 Conventional B 
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Optimum Illuminating 
Condition Image Mask Type 




Isolated  Line Dense line 
Phase Shift Mask 
(6%) 0.68 0.85 Conventional B 
 
 
Phase Shift Mask 
(6%) 0.68 0.85 Annular B 
  
Phase Shift Mask 
(6%) 0.68 0.75 Conventional A 
  
Phase Shift Mask 










0.68 0.75 Annular A 
  
Binary Mask  0.68 0.75 Conventional A 
  








MEASUREMENT OF PROCESS WINDOW 
 
In order to have a quantitative measurement of image quality, suitable metrics are 
needed.  Image contrast and normalized image log slope are used in this thesis for 
comparison of image quality. 
 
 
H.1. Exposure latitude (EL) 
Exposure latitude is a metric that can be applied for all feature types.  It is defined as 
the maximum amount of dose variation that can be tolerated before a pattern prints out of 
specification.  A ± 10 % tolerance is typical for the current photolithography process. 
10% 0 0 10%
0 0
EL 100% 100%E E E E
E E
−− −= × + ×       (H.1) 
where E0 is the optimum dose to print the CD, E10% is the dose to print +10% of the CD and 
E-10% is the dose to print -10% of the CD. 
A large exposure latitude is desired as any variation in the dosage delivered by the 

























Fig. I.1  Bossung plot for isolated 120 nm line without  assist feature  









































Fig. I.2  Bossung plot for isolated 120 nm line without 40 nm assist feature placed 240 
nm away from the primary feature 










































Fig. I.3  Bossung plot for isolated 120 nm line without 60 nm assist feature placed 240 
nm away from the primary feature 
 










































Fig. I.4  Bossung plot for isolated 120 nm line without 80 nm assist feature placed 240 
nm away from the primary feature 
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